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THE  SILLIMAN  FOUNDATION 

In  the  year  1883  a  legacy  of  eighty  thousand  dollars  was  left  to  the 
President  and  Fellows  of  Yale  College  in  the  city  of  New  Haven,  to  be 
held  in  trust,  as  a  gift  from  her  children,  in  memory  of  their  beloved  and 
honored  mother,  Mrs.  Hepsa  Ely  Silliman. 

On  this  foundation  Yale  College  was  requested  and  directed  to  es- 
tablish an  annual  course  of  lectures  designed  to  illustrate  the  presence 
ca  and  providence,  the  wisdom  and  goodness  of  God,  as  manifested  in  the 

natural  and  moral  world.  These  were  to  be  designated  as  the  Mrs.  Hepsa 
Ely  Silliman  Memorial  Lectures.  It  was  the  belief  of  the  testator  that 
any  orderly  presentation  of  the  facts  of  nature  or  history  contributed  to 
the  end  of  this  foundation  more  effectively  than  any  attempt  to  empha- 
size the  elements  of  doctrine  or  of  creed;  and  he  therefore  provided  that 
lectures  on  dogmatic  or  polemical  theology  should  be  excluded  from  the 
scope  of  this  foundation,  and  that  the  subjects  should  be  selected  rather 
from  the  domains  of  natural  science  and  history,  giving  special  promi- 
nence to  astronomy,  chemistry,  geology,  and  anatomy. 

It  was  further  directed  that  each  annual  course  should  be  made  the 
basis  of  a  volume  to  form  part  of  a  series  constituting  a  memorial  to 
Mrs.  Silliman.  The  memorial  fund  came  into  the  possession  of  the  Cor- 
poration of  Yale  University  in  the  year  1901;  and  the  present  work 
constitutes  the  twentv-first  volume  published  on  this  foundation. 
li 
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PREFACE 

IN  this  book  my  Silliman  Lectures  are  presented  in  an 
expanded  form  and  with  the  addition  of  such  mate- 
rial as  seemed  necessary  to  make  the  work  methodical 
and  useful.  In  accordance  with  a  suggestion  of  the  Com- 
mittee on  the  Silliman  Lectures  I  have  set  forth  the  re- 
sults of  my  own  work,  especially  those  of  the  past  decade, 
and  have  not  endeavored  to  review  the  subject  as  a  whole. 
This  method  of  treatment  is  justified  by  the  fact  that  the 
Silliman  Lectures  of  J.  S.  Haldane  and  A.  Krogh  and  the 
works  of  Barcroft,  E.  J.  Warburg,  and  others  have  done 
what  I  could  not  do  so  well. 

The  experiments  upon  which  the  conclusions  of  this 
book  rest  have  been  in  some  instances  exceptionally  diffi- 
cult and  intricate.  Without  the  aid  of  my  collaborators 
they  could  not  have  been  performed.  Many  of  the  most 
important  results  are  due  exclusively  to  the  great  skill  of 
A.  V.  Bock  and  D.  B.  Dill.  The  concerted  effort,  more  use- 
ful than  routine  cooperation,  in  D.  D.  Van  Slykeys  labo- 
ratory and  my  own  has  also  been  indispensable  to  success. 
I  am  indebted  to  Professor  Dill  for  the  valuable  Appendix 
and  for  much  kind  assistance  in  the  preparation  of  the 
book. 

L.  J.  H. 
Cambridge,  Massachusetts 
April  3,  1928. 
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CHAPTER  I 
GENERAL  PHYSIOLOGY 

THE  subject  of  this  book  is  the  red  blood  of  verte- 
brates. We  shall  study  this  substance  as  a  physico- 
chemical  system  and  as  a  tissue,  seeking  in  its  prop- 
erties the  exemplification  of  some  of  the  general  charac- 
teristics of  protoplasm.  In  its  physiological  function  and 
interrelation  with  other  parts  of  the  body  we  shall  look 
for  an  illustration  of  organic  integration  and  adaptation. 
We  shall  also  study  it  comparatively  from  species  to 
species,  in  rest  and  activity,  in  health  and  disease.  So  far 
as  possible  these  studies  will  be  quantitative  and  mathe- 
matical. 

Before  approaching  such  questions  and  the  study  of  the 
facts,  certain  preliminary  reflections  will  be  profitable. 
We  shall  accordingly  consider,  not  only  what  we  are  to 
do,  but  how  we  are  to  conceive  it  and  to  do  it.  To  this  end 
we  must  scrutinize  the  present  state  of  the  science  of  gen- 
eral physiology,  an  imperfect  and  still  most  incomplete 
fabric  bearing  slight  resemblance  to  the  richness  of  living 
reality  and  hardly  more  to  the  perfection  of  some  other 
sciences. 

Like  all  our  enterprises  the  sciences  are  changeable. 
They  grow  and  develop.  At  first  descriptive  and  classi- 
ficatory,  then  rational,  in  this  twentieth  century  some  will 
say  that  they  are  destined  to  become  metaphysical.  But 
before  they  can  attain  to  this  last  condition  it  seems 
probable  that  they  must  pass  through  a  stage  in  which  all 
is  clarity,  simplicity,  and  order,  where  there  is  no  room 
for  philosophic  doubt  and  where,  by  a  singular  paradox, 
the  adoption  of  approximations  and  philosophically  dubi- 
ous abstractions  yields  certainty,  or  at  least  the  closest 
approach  to  certainty  that  man  has  ever  known. 
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It  is  in  proportion  to  our  success  or  failure  in  conceiv- 
ing facts  simply  that  sciences  are  abstract  or  concrete, 
rational  or  descriptive.  In  these  respects  the  contrast  is 
great  between  the  physical  and  the  biological  sciences. 
The  figure  of  the  earth,  its  path  about  the  sun,  and  its  re- 
lations to  the  other  planets  are  readily  conceivable  in  a 
first  approximation  as  simple ;  but  the  forms  of  life  seem 
complex,  their  activities  manifold,  and  their  concatena- 
tions interminable.  Therefore,  unlike  celestial  mechanics, 
the  science  of  biology,  which  is  the  record  of  efforts  ac- 
curately to  describe  and  clearly  to  understand  living 
things,  is  chiefly  a  science  descriptive  of  concrete  fact.  It 
bears  little  resemblance  to  the  more  perfect  science  and 
as  yet  is  in  no  danger  of  a  relativist  revolution.  It  has 
never  attained,  perhaps,  as  some  have  argued,  it  can 
never  in  any  respect  achieve  and  should  not  strive  for  the 
abstractness,  the  elegance,  and  the  simplicity  which  are 
the  mark  of  the  classical  epoch  of  many  of  the  physical 
sciences  and  the  ideal  of  those  who  follow  Newton  and 
Willard  Gibbs. 

Throughout  the  vast  extent  of  biology,  there  may  be 
found  but  few  valid  and  useful  abstractions,  such  as 
species,  evolution,  organism,  heredity,  protoplasm,  me- 
tabolism, and  the  like.  Even  these  fall  short  in  definition, 
and  for  that  reason  in  usefulness,  of  successful  physical 
abstractions  like  velocity,  inertia,  temperature,  compo- 
nent, and  phase.  The  biological  abstractions  are  still 
imperfectly  represented  by  vague  words ;  long  since  the 
physical  abstractions  have  taken  the  form  of  precise  terms, 
and  uncertainties  have  thus  been  replaced  by  problems 
concerning  the  choice  of  definitions,  of  postulates,  or  of 
hypotheses.  Biology  is  also  rarely  quantitative,  still  more 
rarely  both  quantitative  and  rational.  In  short,  a  general- 
ized scientific  description  of  organic  phenomena  is,  for 
the  most  part,  as  yet  unattained  and  probably  still  unat- 
tainable. Meanwhile,  a  well-ordered  science  of  theoretical 
biology  remains  impossible. 

Such  facts  point  not  to  defects  but  to  incompleteness  in 
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a  difficult  enterprise  which  is  even  now  immature,  and 
which  may  never  conform  closely  to  the  pattern  of  the 
rational  physical  sciences.  There  can  be  no  doubt,  how- 
ever, that  we  all  feel  the  need  of  clear  and  abstract  think- 
ing about  the  phenomena  of  life,  and  that  we  must  seek 
all  the  help  that  can  be  got  from  methods  which  have 
made  our  thinking  about  mechanical  and  chemical  phe- 
nomena clear  and  abstract. 

To  be  sure,  the  world  has  long  been  acquainted  with 
fragments  of  a  science  of  general  biology,  for  Aristotle 
was  a  general  biologist.  His  marvelous  powers  of  abstrac- 
tion and  his  only  less  marvelous  powers  of  collection,  ob- 
servation, and  classification  gave  rise  to  a  treatise  on 
biology1  which,  with  all  its  faults,  is  general,  and  which 
held  the  field  for  many  centuries.  The  intrinsic  activities 
of  living  matter  were,  however,  completely  unknown  to 
him,  and  so  remained  until  the  times  of  Mayow2  and  of 
Lavoisier  and  Laplace.3  Hence,  general  physiology,  which, 
when  broadly  defined,  makes  up  a  great  part  of  general 
biology  and  affords  almost  the  only  opportunity  for  the 
biological  use  of  many  of  the  most  powerful  scientific 
methods,  is  a  modern  science.  It  was  first  clearly  con- 
ceived by  Claude  Bernard  who,  when  he  died  fifty  years 
ago,  left  behind  a  program  for  the  new  science  that  he 
himself  had  gone  far  to  carry  out.4  Claude  Bernard  held 
and  clearly  explained  that  it  is  the  task  of  general  physi- 
ology to  study  the  phenomena  of  life  which  are  common 
to  animals  and  plants.  These  phenomena  are  physical  and 
chemical  phenomena;  they  are  to  be  investigated  by 
physical  and  chemical  methods ;  they  are  conditioned  by 
the  same  physical  and  chemical  forces  that  may  be  dis- 

1  Aristotle,  Historia  Animalium,  De  Partibus  Animalium,  De  Motu 
Animalium,  De  Incessu  Animalium,  De  Generatione  Animalium. 

2  J.  Mayow  (Alembic  Club  Reprints,  No.  17),  Tractatus  Quinque 
Medico-physici,  Oxford,  1673. 

3  Lavoisier  and  Laplace,  Paris,  Academie  des  Sciences,  379  (1780). 

4  C.  Bernard,  Legons  sur  les  phenomenes  de  la  vie  communs  aux 
animaux  et  aux  vegetaux,  2  vols.,  Paris,  1878,  1879. 
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covered  among  inorganic  phenomena.  But  in  the  living 
being  they  are  also  always  harmoniously  organized  and 
integrated,  and  this  is  their  most  striking  characteristic. 
It  gives  rise  to  the  central  problem  of  general  physiology. 
Especially  with  the  help  of  his  theory  of  the  milieu  in- 
terieur,  Claude  Bernard  was  able  to  treat  many  facts, 
including  his  own  discoveries,  from  this  point  of  view  and 
thus  to  embody  in  durable  form  ideas  which  were  in  ad- 
vance both  of  the  spirit  of  his  contemporaries  and  of  his 
own  physico-chemical  knowledge. 

At  the  same  time  Gibbs  's  memoir  ' i  On  the  Equilibrium 
of  Heterogeneous  Substances"  was  in  course  of  publi- 
cation in  the  Proceedings  of  the  Connecticut  Academy.5 
This  mathematical  research,  the  greatest  effort  of  sus- 
tained abstract  thinking  in  the  history  of  America,  was 
destined  to  awaken  chemists  from  their  empirical  slum- 
bers and  to  make  possible  the  study  of  the  problems  of 
general  physiology  at  their  deepest  level,  as  Claude  Ber- 
nard had  conceived  them,  to  provide  a  foundation,  in 
short,  on  which  a  rational  science  of  general  physiology 
could  be  reared.  But  the  twentieth  century  had  begun  be- 
fore physiologists  were  ready  to  make  use  of  the  theories 
of  Bernard  and  Gibbs.  Even  today,  in  spite  of  many  scat- 
tered investigations  and  of  the  influence  of  the  important 
treatise  of  Bayliss,6  the  science  is  still  in  its  infancy.  Its 
significance  is  now  widely  recognized,  but  Claude  Ber- 
nard's program  has  already  grown  old  and  has  not  been 
revised.  A  fresh  survey  of  the  field  is  needed. 

For  Claude  Bernard,  "General  Physiology  is  the  fun- 
damental biological  science  toward  which  all  the  others 
converge.  Its  problem  consists  in  determining  the  ele- 
mentary condition  of  the  phenomena  of  life."7  To  this 
statement  there  is  probably  less  objection  today  than 

5  J.  Willard  Gibbs,  Scientific  Papers,  I,  55,  London,  1906. 

6  W.  M.  Bayliss,  Principles  of  General  Physiology,  1st  ed.,  London, 
1915. 

7  C.  Bernard,  Introduction  to  the  Study  of  Experimental  Medicine 
(tr.  by  H.  C.  Greene),  p.  65,  New  York,  1926. 
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there  was  a  half  century  ago.  But  what  is  the  elementary 
condition  of  the  phenomena  of  life,  and  does  it  admit  of 
clear  formulation! 

The  study  of  this  problem  may  conveniently  begin  with 
an  examination  of  the  question :  How  far  and  in  what  re- 
spects may  the  activities  of  all  living  things  be  regarded 
as  identical?  To  this  question,  the  biologists '  use  of  the 
term  protoplasm  suggests  an  answer. 

It  is  customary  to  say  that  all  cells  contain  protoplasm, 
and  to  imply  that  the  word  is  well  chosen  in  that  this  sub- 
stance is  the  very  stuff  of  life,  the  undifferentiated  mate- 
rial out  of  which  all  organic  matter  is  formed.  Neverthe- 
less, a  sufficiently  clear  and  intelligible  definition  of  the 
term  is  never  given,  because  such  a  definition  is  at  pres- 
ent impossible ;  it  is  likely  long  to  remain  so,  but  not  in- 
definitely. A  first  difficulty  in  approaching  this  question 
may  be  noted  in  the  well-founded  theory  that  each  type  of 
cell  in  each  species  of  organism  contains  as  constituents 
of  its  protoplasm  one  or  more  proteins  which  are  peculiar 
to  it  alone.  This  probably  implies  the  presence  of  specific 
enzymes  and  of  a  specific  physico-chemical  structure. 
Surely,  therefore,  the  term  protoplasm  is  a  high  but 
vague  abstraction.  Yet,  in  default  of  a  better,  it  must  be 
made  to  serve. 

In  truth,  it  is  not  the  inaccurate,  that  is,  the  roughly 
approximate,  character  of  the  definition  of  protoplasm 
which  is  at  fault.  This  is  rather  an  advantage — necessity 
made  a  virtue  in  a  manner  common  to  all  the  sciences — 
which  renders  the  term  more  widely  serviceable.  The  dif- 
ficulty is  that  the  term  is  vague.  But  from  a  physico- 
chemical  point  of  view  the  word  protoplasm  is  not  quite 
meaningless,  for  it  has  already  received  certain  incre- 
ments of  a  definition.  We  know,  for  example,  that  proto- 
plasm always  contains  water.  Other  constituents  are  bi- 
carbonates,  chlorides  and  phosphates  of  sodium,  potas- 
sium, and  calcium.  Free  carbonic  acid  also  never  fails  and 
probably  certain  other  inorganic  substances.  It  is,  fur- 
ther, by  no  means  impossible  that  a  number  of  simple 


6  BLOOD 

carbon  compounds  like  glucose  might  be  added  to  the  list. 
Therefore  we  may  begin  with  the  following  statement: 
Protoplasm  is  a  physico-chemical  system  among  the  com- 
ponents of  which  are  water  and  carbon  dioxide,  hydro- 
chloric and  phosphoric  acids,  the  hydroxides  of  sodium, 
potassium,  calcium,  etc.,  and  other  substances.  The  con- 
centration of  each  of  these  components  is  subject  to  wide 
variation. 

This  statement,  though  unexceptionable,  is  not  very 
useful.  Even  if  it  were  possible  to  add  to  the  enumeration 
all  the  other  unfailing  components,  we  should  still  be  far 
from  a  good  working  definition.  In  particular  it  must  be 
pointed  out  that  there  would  not  yet  be  at  our  disposal 
any  substance  except  water  to  which  the  most  conspicu- 
ous properties  of  protoplasm  are  attributable.  But  the 
statement  is  not  useless  and  it  is  precise.  Indeed,  the 
study  of  such  systems,  to  which  the  term  buffers  is  com- 
monly applied,  has  considerably  extended  physiological 
knowledge.  It  was  such  investigations  which  first  made 
possible  the  quantitative  description  of  a  physico-chemi- 
cal equilibrium  in  protoplasm,  and  the  experiments  which 
are  to  be  reported  in  these  lectures  have  grown  out  of  and 
rest  upon  these  earlier  studies.8  Finally,  we  may  note  that 
it  is  impossible  to  go  beyond  such  a  restricted  specifica- 
tion of  the  components  of  protoplasm,  if  we  are  to  be 
quite  exact. 

These  facts  illustrate  an  important  aspect  of  general 
physiology  and  of  other  sciences,  for,  in  their  chemical 
aspects,  they  are  of  no  great  interest.  But  that  which 
may  be  of  only  special  and  even  trivial  importance  when 
studied  from  the  standpoint  of  a  relatively  abstract  science 
like  physical  chemistry  is  sometimes  general  and  impor- 
tant when  studied  from  the  standpoint  of  a  less  abstract 
science  like  physiology.  It  is,  perhaps,  hardly  possible 
that  the  physical  chemist  should  ever  have  taken  much 
interest  in  a  system  whose  components  are  so  numerous 

8  L.  J.  Henderson,  American  Journal  of  Physiology,  XV,  257 
(1906);  XXI,  427  (1908). 
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as  those  before  us,  but  the  study  of  this  system  is,  for  the 
phvsiologist,  the  beginning  of  an  ideal  reconstruction  of 
protoplasm,  and  therefore  an  approach  toward  a  descrip- 
tion of  the  elementary  condition  of  the  phenomena  of  life. 

In  order  to  proceed  with  such  a  reconstruction,  it  is 
next  necessary  to  take  account  of  classes  of  substances 
which  are  invariably  represented  in  protoplasm.  Such  are 
proteins,  carbohydrates,  lipoids,  enzymes,  if  it  be  permis- 
sible here  to  refer  to  what  is  probably,  from  the  chemical 
standpoint,  no  true  class,  and  perhaps  various  other  sub- 
stances. In  this  manner  it  is  possible  to  go  far  in  desig- 
nating the  components,  in  Gibbs's  sense,  of  protoplasm, 
and  we  can  already  see  that  this  substance  is  not  conceiv- 
able as  a  single  physico-chemical  system,  but  rather  as  a 
pretty  sharply  defined  class  of  systems.  These  systems 
always  contain  certain  components  and  also  variable  rep- 
resentatives of  certain  classes  of  components. 

Experimental  research  on  artificial  systems  of  many 
components  is  difficult,  and  as  yet  has  hardly  progressed 
beyond  the  addition  of  a  single  protein  to  the  buffer  sys- 
tems mentioned  above.  Meanwhile  the  physico-chemical 
study  of  protoplasm  itself  is,  for  many  reasons,  not  far 
advanced.  Yet  we  already  know  that  one  of  the  important 
tasks  of  general  physiology  consists  in  the  descriptive 
physico-chemical  study  of  systems  prepared  from  various 
pure  constituents  of  protoplasm  of  widely  different  ori- 
gin, so  as  to  discover  phenomena  which  are  not  easy  to 
observe  in  anything  so  complex  as  protoplasm  itself.  In 
performing  this  task,  it  is  not  surprising  that  the  physi- 
ologist should  find  it  necessary  to  do  his  own  work,  for 
physical  chemistry  has  developed  through  the  study  of 
simpler  systems.  Years  ago  a  similar  situation  arose  in 
the  study  of  steel,  and  the  problem  was  solved  by  special- 
ists. For  researches  of  this  kind,  Gibbs  's  memoir  is  an  in- 
dispensable guide. 

It  is  safe  to  say  that  a  broad  application  of  descriptive 
physical  chemistry  to  general  physiology  will  yield  im- 
portant results.  For,  in  addition  to  the  multitude  of  com- 
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ponents  which  everywhere  complicate  the  physiological 
problem,  there  are  further  complications  due  to  the  intri- 
cate colloidal  structure  of  protoplasm  which  also  in- 
vite physico-chemical  experimentation.  Leibnitz  once  re- 
marked that,  "the  machines  of  nature,  that  is  to  say, 
living  bodies,  are  still  machines  in  their  smallest  parts  ad 
infinitum. ' ,9  Today  we  may  perhaps  cautiously  apply  this 
idea  to  the  relations  between  the  molecules  and  ions  of 
protoplasm.  It  seems  probable  that  a  large  proportion  of 
these  are  arranged  according  to  some  plan,  not  quite  so 
rigidly  as  in  a  crystal  to  be  sure,  but  by  no  means  at  ran- 
dom. In  short,  organic  structure  is  probably  nowhere 
lacking  in  protoplasm.  Only  with  the  help  of  physical 
chemistry  can  we  hope  to  overcome  the  difficulties  which 
thus  arise. 

The  elementary  physiological  activities  in  diverse  spe- 
cies of  living  things  can  never  be  identical,  and  can  be  so 
conceived  only  in  a  very  rough  approximation.  So  far  as 
they  concern  only  water  and  inorganic  acids,  bases,  and 
salts,  they  may  be  nearly  alike.  But  when  proteins  and 
other  substances  are  involved,  to  say  nothing  of  varying 
physico-chemical  structures  and  metabolic  activities,  they 
must  be  more  or  less  different  and  specific.  Yet  the  ulti- 
mate physico-chemical  phenomena  of  protoplasm  are  to 
be  regarded  as  the  activities,  in  each  case,  of  a  particu- 
lar member  of  a  well-marked  but  little-known  class  of 
physico-chemical  systems,  and  protoplasm  may  be  defined 
as  this  class  of  systems.  Such  is  the  ground  for  regarding 
certain  types  of  physico-chemical  phenomena  as  the  ' '  ele- 
mentary condition  of  the  phenomena  of  life, ' '  and  for  as- 
similating a  special  field  of  descriptive  physical  chemis- 
try to  general  physiology,  as  one  of  the  foundations  of  the 
science. 

This  exposition  of  the  physico-chemical  constitution  of 
protoplasm  must  seem  empty  indeed  to  the  biologist ;  and 
so  it  is.  But  he  may  be  reminded  of  the  old  axiom  of 
biology  that  the  sum  of  the  parts  is  always  less  than  the 

9  Leibnitz,  Monadology,  $64. 
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whole,  and  again  that  half  a  loaf  is  better  than  no  bread. 
More  important  is  the  reflection  that  it  may  be  well,  in 
any  science,  to  begin  at  the  beginning.  But  what  makes 
such  a  description  important  is  that  the  study  of  this 
small  number  of  variables  is  sufficient  to  explain  at  least 
a  few  important  facts,  and  to  raise  hopes  of  the  explana- 
tion of  others.  Also  it  is  one  of  the  best  rules  of  scientific 
method  to  operate  with  the  smallest  possible  number  of 
variables,  to  carry  the  analysis  of  their  mutual  depend- 
ence as  far  as  possible,  and  to  add  others  only  in  so  far  as 
it  may  be  necessary  in  order  to  increase  the  accuracy  of 
the  results  or  to  enlarge  the  field  of  investigation.  With- 
out the  help  of  some  other  variables  it  may  seem  hopeless 
to  take  account  of  such  facts  as  irritability  and  reproduc- 
tion, but  this  is  uncertain. 

It  must  not  be  overlooked,  however,  that  we  have  thus 
far  made  little  reference  to  the  more  highly  integrated 
properties  of  protoplasm.  Therefore,  although  it  may  not 
now  be  possible  to  explain  these  in  physico-chemical 
terms,  yet,  for  many  reasons,  it  is  necessary  to  examine 
some  of  the  general  properties  of  the  class  of  physico- 
chemical  systems  to  which  protoplasm  belongs.  Here 
there  is  little  enough  that  can  be  said,  for  physical  chem- 
istry has  developed  largely  as  a  theoretical  science,  and 
the  field  of  descriptive  physical  chemistry — the  vastest  in 
the  whole  domain  of  physical  science — has  been  little 
explored. 

The  large  number  of  components  of  protoplasm  is  a 
condition  of  the  first  importance  in  determining  the  na- 
ture of  the  system.  In  physical  chemistry  and  the  other 
physical  sciences  it  is  customary,  as  above  suggested,  to 
deal  with  but  a  small  number  of  variables.  Often,  no 
doubt,  it  is  possible  ideally  to  take  account  of  large  num- 
bers of  variables,  and  Gibbs  did,  in  fact,  consider  the  case 
in  which  the  number  of  components  of  a  system  is  unre- 
stricted. But  concrete  instances  of  systems  in  which  the 
number  of  variables  is  large  are  habitually  avoided.  Also, 
the  mathematical  treatment  of  a  large  number  of  vari- 
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ables  usually  presents  very  serious  difficulties,  as  the  his- 
tory of  the  dynamical  problem  of  three  bodies  implies. 
There  is,  of  course,  an  escape  from  this  situation  when 
the  number  of  variables  becomes  large  enough  to  make 
the  statistical  treatment  fruitful,  but  such  methods  are  at 
present  inapplicable  to  protoplasm,  and  do  not  ordinarily 
lead  to  rational  simplification. 

For  these  reasons  the  large  number  of  components  of 
protoplasm  is  a  condition  which  seriously  weakens  our 
methods  of  attack  upon  the  problems  of  general  physi- 
ology. But  also,  and  this  is  more  to  the  point  of  the  pres- 
ent discussion,  it  increases  the  complexity  of  these  prob- 
lems. For,  in  a  system  of  n  variables,  each  variable  will 
in  general  be  a  function  of  the  other  n  —  1.  Thus  a  change 
impressed  upon  one  variable  will  directly  involve  changes 
in  all  the  other  n  —  1  variables.  But  then  the  change  in  each 
of  these  will  involve  secondary  changes  in  all  the  others, 
and  so  on  indefinitely.  Hence,  the  number  of  secondary 
changes  increases  very  rapidly  as  n  increases.  When,  as 
in  protoplasm,  n  is  great,  the  complexity  of  the  analysis 
becomes  very  great. 

The  nature  of  the  case  will  be  more  readily  appreciated 
by  reference  to  another  branch  of  biology  in  which  our  in- 
tuitions are  better  practiced.  Consider  a  human  society  of 
n  individuals  and  let  n  equal  successively  2,  3,  10,  and  20. 
When  n  =  2  or  3,  a  short  story  will  sometimes  suffice  as 
a  description  of  the  society.  When  n  =  10,  it  is  doubtful  if 
even  the  greatest  poets  or  novelists  have  ever  successfully 
described  a  single  instance.  When  n  =  20,  a  description  is 
possible  only  if  most  of  the  individuals  become  mere 
puppets. 

In  the  description  of  artificial  physico-chemical  sys- 
tems it  is  often  possible  to  neglect  the  effect  of  one  vari- 
able upon  some  or  all  of  the  others.  Thus,  for  example, 
with  water,  glutamic  acid,  sodium  hydroxide,  carbon  di- 
oxide, and  oxygen  as  components  in  a  system  consisting 
of  a  liquid  and  a  gas  phase,  the  presence  of  oxygen  may 
be  neglected  without  sensible  error.  In  physiological  sys- 
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terns,  however,  there  is  a  marked  tendency  for  a  smaller 
number  of  the  influences  of  one  variable  on  another  to 
vanish  in  a  first  approximation.  Thus  in  blood  oxygen 
affects  both  hemoglobin  and  the  acid-base  equilibrium. 
Perhaps  it  may  be  said  that  protoplasm  is  characterized 
by  a  quantitatively  large  dependence  of  each  variable  on 
all  the  others,  or  on  an  improbably  large  proportion  of 
the  others  and  in  an  improbably  large  number  of  different 
modes.  Certain  it  is  that  one  of  the  most  important  pecu- 
liarities of  protoplasm  is  the  high  degree  of  connection 
(or  low  degree  of  independence)  between  its  components. 
But  it  should  be  noted  that  this  is  true  of  every  well-inte- 
grated whole,  for  example,  an  atom,  a  molecule,  or  a 
watch.  In  protoplasm  this  principle  of  the  high  degree  of 
connection  between  the  parts  is  illustrated  both  by  phe- 
nomena at  the  level  of  simple  chemical  equilibrium,  like 
the  instance  of  the  interaction  of  oxygen  and  carbon  di- 
oxide through  hemoglobin  above  cited,  and  also  by  the 
structural  organization  as  revealed  in  studies  of  the 
mechanism  of  oxidization,10  of  enzyme  complexes,11  and 
the  like.  Another  illustration  of  the  same  principle  is  to 
be  found  in  the  antagonistic  action  of  salts.  Here  it  is  ob- 
served that  differences  between  similar  simple  substances 
like  sodium  and  potassium  ions,  which  are  often  negligi- 
ble in  artificial  systems,  may  be  very  important  in  biologi- 
cal systems.  The  wide  range  of  phenomena  above  cited 
does  but  emphasize  the  importance  and  the  generality  of 
the  principle,  which  describes  one  of  the  striking  aspects 
of  all  organisms. 

In  systems  where  the  number  of  variables  is  large  and 
the  degree  of  their  mutual  dependence  high,  the  applica- 
tion of  mathematics,  though  difficult,  is  of  peculiar  inter- 
est. In  fact,  as  mathematical  economists  like  Walras,12a 

10  Warburg  and  Meyerhof,  P finger's  Archiv,  CXLVIII,  295  (1912). 

11  R.  Willstatter,  Berichte,  IN,  iii,  3601  (1922). 

12a  L.  Walras,  Elements  d'economie  politique  pure,  1st  ed.,  Lausanne, 
1874. 
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Fisher,12b  and  Pareto13  have  seen,  it  is  even  more  impor- 
tant in  such  circumstances  than  in  the  simple  phenomena 
studied  by  physical  science;  more  than  this,  for  many 
purposes  it  is  simply  indispensable,  because  there  is  no 
other  way  even  to  begin  to  think,  however  approximately, 
about  the  quantitative  relations  between  a  large  number 
of  variables.  Under  these  conditions  the  nomographic 
method,  particularly  in  the  form  developed  by  d'Ocagne,14 
has  proved  itself  an  indispensable  aid  to  the  physiologist. 
In  this  way  it  is  often  possible  to  construct  a  graphical 
representation  of  the  facts  and  thus  attain  to  a  roughly 
comprehensive  representation  of  the  system  as  a  whole. 
Such  a  construction  also  serves  to  illustrate  many  of  the 
general  characteristics  of  the  physiological  systems  which 
are  above  discussed.  When  even  an  incomplete  rational 
interpretation  of  the  relations  is  also  possible  we  begin 
to  approach  the  methods  of  the  physicist,  for  we  can  oper- 
ate nomographically  and  think  theoretically. 

The  activity  of  protoplasm  is  not  less  various  and 
heterogeneous  than  its  constitution.  The  modes  of  this 
activity  may  be  classified  in  three  categories  as  physico- 
chemical,  chemical,  and  mechanical,  though  such  a  classi- 
fication, a  very  rough  approximation,  can  hardly  be  ex- 
haustive. A  basis  for  the  discrimination  between  physico- 
chemical  and  chemical  processes  is  to  be  found  in  the  fact 
that  although,  next  to  water,  proteins  are  the  principal 
constituents  of  protoplasm,  carbohydrates  are  often  the 
substances  which,  as  in  muscle  and  in  yeast,  chiefly  un- 
dergo metabolism.  Thus  there  may  be  distinguished  a 
relatively  permanent,  though  active  and  changing  system, 
which  is  regarded  as  the  instrument  that  produces  the 
more  rapid  metabolic  or  chemical  process.  A  more  objec- 
tive view  discriminates  between  the  true  equilibria  in 
protoplasm,  such  as  the  reactions  of  ions,  and  other  re- 

12b  I.  Fisher,  Transaction  of  the  Connecticut  Academy,  IX,  3  (1892). 

13  V.  Pareto,  Manuel  d'economie  politique,  p.  612,  Paris,  1909; 
Manuale  di  economia  politica,  Milano,  1906. 

14  M.  d'Ocagne,  Traite  de  nomographic,  2d  ed.,  Paris,  1921. 
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actions  which  can  never  be  in  equilibrium,  though  they 
may  be  in  a  stationary  state,  such  as  some  of  the  steps  in 
the  metabolism  of  carbohydrate.  Many  reactions,  how- 
ever, fall  in  neither  of  these  categories,  for  they  must  be, 
in  some  respects,  in  a  condition  almost  indistinguishable 
from  true  equilibrium,  while  involving  substances  other- 
wise engaged  in  slow  irreversible  changes,  the  effects  of 
which  are  more  or  less  balanced  by  accessions  from  with- 
out. However  this  may  be,  it  is  at  least  plain  that  the  one 
class  of  phenomena  are  to  be  studied  with  physico-chemi- 
cal methods,  the  other  with  chemical  methods,  and,  since 
there  is  probably  no  sharp  demarcation  between  the  two 
classes,  this  is  the  most  useful  criterion  for  a  classifica- 
tion. It  is  the  one  which  has  been  widely,  though  perhaps 
unconsciously,  followed. 

Meanwhile  it  should  be  noted  that  we  have  encountered 
one  more  characteristic  of  protoplasm:  As  a  physico- 
chemical  system  it  is  never  in  equilibrium,  but  only,  at 
best,  in  a  stationary  state  like  the  candle  flame  or  whirl- 
pool. This  is,  however,  not  a  fact  of  the  first  importance 
in  many  investigations,  for  in  some  respects,  as  an  ap- 
proximation, it  is  both  convenient  and  sufficient  to  as- 
sume the  existence  of  a  state  of  equilibrium,  which  does 
indeed  exist  in  some  of  the  intrinsic  processes.  The  ideas 
here  stated  are  merely  a  more  precise  formulation  of  a 
conception  of  the  organism  which  is  derived  from  Cu- 
vier15  and  perhaps  even  from  Lucretius.16  Possibly  com- 
parison of  protoplasm  with  a  more  complex  natural  ob- 
ject such  as  a  swamp  may  aid  the  imagination,  for  in  this 
case  conditions  are  to  be  found  that  may  be  regarded  as 
equilibria,  while  others  resemble  the  flame  and  the  whirl- 
pool. The  solid  parts  of  the  swamp  which  are  by  no  means 
inactive  and  changeless,  though  relatively  so,  may  stand 
for  the  physico-chemical  structure  and  activity  of  proto- 
plasm; the  water  which  flows  through  the  swamp  in 
quantities  varying  with  the  season  and  the  rainfall,  but 

15  G.  Cuvier,  Le  Regne  animal,  I,  13,  Paris,  1817. 

16  Lucretius,  Be  Natura  Berum,  bk.  II. 


14  BLOOD 

in  a  regulated  or  at  least  regularized  manner,  may  per- 
haps be  thought  of  as  analogous  to  the  chemical  or  meta- 
bolic processes.  This  comparison  will  suggest  to  what 
extent  such  a  discrimination  as  the  chemical-physico- 
chemical  one  is  natural  and  how  far  arbitrary. 

Above  the  level  of  those  just  considered,  the  most  char- 
acteristic activities  of  protoplasm  are  movements.  They 
must  always  arise  from  the  energy  liberated  in  the  chemi- 
cal processes,  acting  through  the  physico-chemical  proc- 
esses, upon  well-adapted  physico-chemical  structures. 
The  analogy  of  the  steam  engine,  boiler,  and  furnace  con- 
sidered as  one  system  is  familiar.  Here  the  heat  of  com- 
bustion, acting  through  the  physico-chemical  processes  of 
steam  formation,  expansion,  etc.,  upon  the  mechanism 
designed  for  the  purpose,  produces  motion. 

Since  the  days  of  natural  theology  the  argument  from 
analogy  has  justly  fallen  into  discredit.  And  it  must  not 
be  supposed  that  the  present  analogies  can  serve  any  pur- 
pose but  illustration.  I  believe,  however,  that  argument 
is  unnecessary  to  establish  the  proposition  that  the  ac- 
tivities of  protoplasm  are  not  only  various  and  hetero- 
geneous, but  also  harmonious  and  mutually  adapted.  As 
for  the  classification  into  physico-chemical,  chemical,  and 
mechanical  activities,  this,  like  all  classification,  is  arbi- 
trary and,  like  most,  only  roughly  approximate.  However 
it  may  be  with  these  difficult  methodological  questions, 
there  can  be  no  doubt  that  one  of  the  important  tasks  of 
general  physiology,  which  differentiates  it  from  the  physi- 
cal sciences,  is  that  it  has  to  take  account  of  simultaneous 
activities  of  widely  different  kinds  harmoniously  inter- 
acting. 

Such  interactions  become  more  conspicuous  as  struc- 
tures become  more  differentiated  and  finally  take  the  ex- 
treme forms  of  hormonic  and  nervous  integrative  action. 
But  it  is  evident  that  in  the  organism  every  activity  is 
more  or  less  integrative.  Or,  more  precisely  stated,  every 
physiological  phenomenon  must  be  studied,  not  only  in 
isolation,  but  also  in  relation  to  other  phenomena  with 
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which  it  will  in  general  be  found  to  be  related  in  a  manner 
usually  called  adaptive.  This  is  no  less  true  of  the  ionic 
reactions  which  are  common  to  all  protoplasm,  of  the 
metabolic  oxidation  of  glucose,  and  of  the  interaction  in 
blood  of  oxygen  and  carbonic  acid  through  hemoglobin, 
than  of  locomotion  in  amoeba  or  of  the  activities  in 
the  central  nervous  system  which  have  been  studied  by 
Sherrington.17 

There  is  a  disposition  in  certain  quarters,  among  those 
who  still  permit  themselves  to  deduce  rules  of  scientific 
method  from  arbitrarily  assumed  metaphysical  princi- 
ples, to  object  to  the  concept  of  adaptation  as  teleological 
and  non-mechanistic.  I  hold,  on  the  contrary,  that  the  only 
objection  that  can  fairly  be  offered  is  to  the  vagueness  of 
the  term.  It  must  be  remembered  when  we  consider  this 
question  that  the  typical  physical  sciences  are  abstract, 
and  for  that  reason  they  often  exclude  a  priori  the  study 
of  facts  which  lead  to  considerations  of  the  kind  that 
adaptation  involves.  But  even  in  pure  mechanics  the 
principle  of  least  action  and  the  concept  of  stability  have 
taken  an  important  place,  while  in  engineering  the  terms 
efficiency,  regulation,  and  adaptation  are  as  familiar  as 
in  physiology.  In  these  cases,  concepts  which  some  have 
regarded  as  teleological  and  non-mechanistic  have  tended 
to  take  the  form  of  mathematical  functions  which  are  im- 
plicit in  the  most  mechanistic  of  all  our  scientific  formu- 
lations, and  this  is  also  sometimes  true  in  the  field  of 
physiology.  Thus  the  stability  of  the  alkalinity  of  blood 
and  protoplasm  may  be  measured  by  the  value  of  a 
mathematical  function  which  is  implicit  in  the  general 
mathematical  description  of  the  equilibrium  between  acids 
and  bases,  and  the  regulation  of  alkalinity,  that  is  to  say, 
its  relative  constancy  over  a  long  period  of  time  and  un- 
der widely  different  circumstances,  may  be  quantitatively 
described  if  we  extend  our  studies  from  the  physico- 
chemical  equilibria  of  blood  and  protoplasm  to  the  inter- 

17  C.  S.  Sherrington,  Silliman  Lectures,  The  Integrative  Action  of 
the  Nervous  System,  New  York,  1906. 
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action  of  these  with  the  activities  of  the  lung  and  the  kid- 
ney, and  with  the  varying  processes  of  metabolism. 

It  is  unreasonable  to  expect  a  precise  definition  of  the 
term  adaptation  or  the  substitution  of  clearly  defined 
terms  for  it,  until  greater  progress  has  been  made  in 
mathematical  physiology.  Meanwhile  there  is  one  further 
remark  which  may  be  made.  No  characteristic  of  organ- 
isms is  more  certain  than  survival.  Living  things  do  in 
fact  persist  over  long  periods  of  time  as  physico-chemical 
systems  which  remain  approximately  in  a  stationary 
state.  Now  if  we  reject  the  considerations  which  are  in- 
volved, however  vaguely,  in  the  use  of  the  term  adapta- 
tion and  are  excluded  if  we  exclude  it,  if,  in  short,  we 
limit  ourselves  to  those  considerations  which  belong  to 
conventional  abstract  physics  and  chemistry,  the  survival 
of  a  single  organism  may  be  said  to  be  almost  infinitely 
improbable,  and  the  continued  existence  of  the  flora  and 
fauna  of  the  earth  an  unaccountable  miracle. 

Therefore,  since  survival  is  one  of  the  best  established 
of  all  facts,  there  is  nothing  to  do  but  to  accept  it  with  its 
implications.  It  must  be  admitted  that  the  precise  defini- 
tion of  these  implications  is  difficult,  but  continued  study 
will  make  it  less  so.  For  example,  it  is  well  known  that  in 
organisms  adaptations  are  not  only  incomparably  more 
numerous  than  in  machines,  but  that  the  organic  adapta- 
tions often  are  of  a  kind  which  has  hardly  yet  been  intro- 
duced into  machinery.  Not  to  mention  regeneration  and 
repair  (which,  though  unavoidable  descriptive  terms  for 
the  biologist,  certainly  recognize  aspects  of  phenomena 
which  are  no  less  teleological  than  other  forms  of  adap- 
tation), there  is  the  fact  that  in  the  organism,  when  ac- 
tivity changes,  structure  changes  with  it.  In  cases  where 
this  process  admits  of  quantitative  study  it  is  sometimes 
possible  to  prove  that  an  increase  in  the  efficiency  of  the 
mechanism  has  been  achieved.  The  study  of  pathology 
yields  an  analogous  result.  Here  the  body,  working  under 
difficulties  resulting  from  the  destruction  or  injury  of 
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parts,  changes  throughout  in  a  manner  which  can  often 
be  shown  to  preserve  efficiency. 

Far  from  seeking  to  avoid  or  to  minimize  the  adaptive 
character  of  organic  phenomena,  we  should,  I  believe,  in- 
variably take  this  for  granted.  The  law  of  adaptation  in 
organisms,  founded  upon  the  fact  of  survival,  seems  to  be 
quite  as  well  established  as  the  second  law  of  thermo- 
dynamics, and  almost  equally  serviceable.  Caution  is, 
however,  necessary,  and  Candide  should  never  be  forgot- 
ten, for  one  must  carefully  avoid,  in  studying  the  micro- 
cosm, the  ancient  fallacy  of  the  best  of  all  possible  worlds. 
Adaptation  is  relative,  it  involves  a  question,  not  of  what 
is  best,  but  of  what  is  efficient  under  certain  conditions,  of 
what  promotes  survival  in  a  particular  environment,  or 
of  the  disabilities  resulting  from  a  given  lesion. 

Elsewhere  I  have  discussed  this  question  at  length  and 
shown  that  organism  rather  than  mechanism  is  the  con- 
cept which  has  long  guided  many  of  the  biological  sci- 
ences.18 Recently  Whitehead  in  a  survey  of  the  philosophy 
of  science  from  the  standpoint  of  a  theoretical  physicist, 
has  rejected  classical  mechanism  altogether  as  a  phi- 
losophy even  of  the  physical  sciences.19  This  he  aims  to 
replace  by  a  theory  of  organic  mechanism.  Whitehead's 
criticism  of  the  older  view  seems  to  provide  more  than 
sufficient  ground  for  the  cautious  restriction  of  the  scope 
of  the  mechanistic  principle  which  is  here  proposed.  It  is, 
however,  my  purpose  to  go  no  farther  than  necessary  in 
this  direction,  since  we  are  here  concerned  not  with  philo- 
sophical questions,  but  with  a  description  of  scientific 
method  and  a  characterization  of  general  physiology. 

We  have  already  seen  that  in  protoplasm  the  number 
of  variables  is  large  and  the  number  of  quantitatively 
significant  relations  between  them  improbably  large.  We 
may  now  add  that  an  adaptive  character  is  in  general  to 

18  L.  J.  Henderson,  The  Order  of  Nature,  chap.  V,  Cambridge,  Mass., 
1917. 

19  A.  N.  Whitehead,  Science  and  the  Modern  World,  New  York, 
1925. 
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be  ascribed  to  these  relations.  It  is  as  yet  impossible  to 
say  precisely  what  this  implies,  but  none  the  less  evident 
that  such  terms  as  efficiency,  stability,  and  the  like  will 
arise  from  the  mathematical  formulation  of  our  observa- 
tions and  experimental  data,  just  as  they  do  in  the  study 
of  the  problems  of  engineering.  What  is  needed  is  mathe- 
matical analysis  of  the  facts,  unincumbered  by  the  preju- 
dices of  either  vitalists  or  mechanists. 

In  the  preceding  discussion  we  have  passed  back  and 
forth  from  the  consideration  of  protoplasm  to  that  of  cells, 
tissues,  and  whole  organisms.  This  is  permissible,  if  due 
caution  be  exercised,  because  in  physiological  studies  we 
are  concerned  with  imperfectly  isolated  systems.  In  im- 
agination we  may  take  as  the  physico-chemical  system,  in 
Gibbs  's  sense,  either  a  bit  of  protoplasm,  or  a  larger  por- 
tion of  an  organism,  or  the  whole  organism  together  with 
its  environment,  which  may  be,  for  example,  a  respiration 
calorimeter.  Only  in  the  last  case  will  the  condition  of  in- 
dependence of  the  system  be  approximately  fulfilled.  A 
second  justification  for  such  a  loose  method  of  discussion 
is  to  be  found  in  the  fact  that  we  are  here  concerned  with 
general  physiology  and  that  many  of  the  general  charac- 
teristics of  the  phenomena  of  life  manifest  themselves  at 
all  levels  of  physiological  activity.  It  is,  indeed,  obvious 
that  in  a  complex  organism  with  highly  differentiated 
tissues  and  organs  the  physiological  processes  are  more 
complex  than  in  an  amoeba.  New  types  of  structures  and 
processes,  larger  in  scale,  are  superimposed  upon  those 
which  occur  within  the  cell.  But  nobody  is  in  danger  of 
forgetting  this,  while  even  most  biologists  still  fail  to 
realize  the  complexity  of  invisible  structure  and  the  al- 
most inconceivably  varied  activities  of  what  they  are 
pleased  to  call  simple  protoplasm.  So  far  as  experimenta- 
tion is  concerned  it  may  be  said,  paradoxically,  that  a 
single  cell  is  as  complicated  as  any  organism,  since  it 
is  more  complicated  than  the  most  complicated  system 
which  is  as  yet  within  the  scope  of  our  methods  of  investi- 
gation.  On  the  whole  what  is  true  of  the  small-scale 
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physiological  systems  remains  true  of  the  large-scale  sys- 
tems, because  each  of  the  latter  is  made  up  of  a  multitude 
of  the  former,  while  the  general  characteristics  of  the 
large-scale  processes  in  many  respects  conform  to  those 
of  the  small-scale  processes. 

We  have  seen  that  protoplasm  is  clearly  conceivable, 
not  as  a  single  system,  but  only  as  a  class  of  physico- 
chemical  systems,  because  some  of  its  components,  nota- 
bly proteins,  vary  from  species  to  species  and  from  tissue 
to  tissue.  Moreover,  in  spite  of  its  remarkable  stability, 
the  state  of  the  system  varies  with  its  activity;  and  so 
does  its  composition.  It  also  varies  pathologically.  There- 
fore, since  there  is  no  such  thing  as  protoplasm  in  gen- 
eral, and  no  such  thing  as  a  permanently  stationary  state 
for  any  one  specimen  of  protoplasm,  a  general  conception 
of  this  class  of  systems  and,  therefore,  a  science  of  gen- 
eral physiology  must  rest,  in  part,  upon  comparative 
studies.  For  the  purposes  of  general  physiology  it  is  cer- 
tainly not  necessary  to  carry  such  researches  as  far  as 
may  be  necessary  for  special  purposes,  but  the  extent  and 
the  nature  of  the  differences  between  different  species 
and  of  the  fluctuations  about  a  mean  or  basal  state,  or 
about  some  curve  representing  the  changes  accompanying 
change  of  age,  must  be  known.  Since  the  work  of  Galton 
has  become  common  knowledge  it  should  not  be  necessary 
to  labor  the  point  that  a  class  of  objects  may  be  quantita- 
tively described  as  a  class,  or  to  suggest  that  it  may  be 
interesting  to  extend  certain  investigations  to  the  impor- 
tant activities  of  living  things. 

Among  comparative  studies  those  which  have  to  do 
with  pathological  states  possess  a  special  interest  and,  I 
think,  a  peculiar  importance,  for  the  modifications  of  the 
organism  produced  by  disease  are  sometimes  far  more 
extensive  than  anything  within  the  reach  of  our  crude  ex- 
perimental methods.  Experiment  is  often  best  as  a  means 
of  settling  a  clear  issue,  and,  needless  to  say,  surgical 
and  pharmacological  modification  of  organisms  is  the 
very  foundation  of  experimental  physiology,  but  nothing 
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among  natural  phenomena  is  more  wonderful  or  more  in- 
structive than  the  condition  of  an  individual  who  has 
long  been  suffering  from  a  progressive  disease  like 
chronic  nephritis,  who  is  approaching  his  end,  but  who 
still  remains  adapted  in  every  part  and  in  every  activity 
to  the  changed  and  almost  impossible  conditions  of  life. 
Under  these  circumstances  the  harmonious  unity  of  the 
organism  is  perhaps  even  more  apparent  than  in  health, 
and  it  is  certainly  much  easier  to  estimate  the  relative 
physiological  importance  of  different  things.  It  is  strange 
and  regrettable  that  during  the  past  half  century  of  rapid 
progress  in  medical  science,  theoretical  pathology  should 
have  been  so  neglected. 

Protoplasm  is  a  system  of  exquisite  sensitiveness.  In 
order  that  it  may  survive  it  must  be  protected  from  too 
great,  or  too  rapid,  or  too  irregular  fluctuations  in  the 
physical,  physico-chemical,  and  chemical  conditions  of  the 
environment.  Stability  may  sometimes  be  afforded  by  the 
natural  environment,  as  in  sea  water.  In  other  cases  an 
integument  may  sufficiently  temper  the  external  changes. 
But  by  far  the  most  interesting  protection  is  afforded,  as 
in  man  and  higher  animals,  by  the  circulating  liquids  of 
the  organism,  the  blood  plasma  and  lymph,  or,  as  Claude 
Bernard  called  them,  the  milieu  interieur.  In  his  opinion, 
which  I  see  no  reason  to  dispute,  the  existence  and  the 
constancy  of  the  physico-chemical  properties  of  these 
fluids  is  a  necessary  condition  for  the  evolution  of  free 
and  independent  life.20  This  theory  of  the  constancy  of 
the  milieu  interieur  was  an  induction  from  relatively  few 
facts,  but  the  discoveries  of  the  last  fifty  years  and  the 
introduction  of  physico-chemical  methods  into  physiology 
have  proved  that  it  is  well  founded.  There  can  be  no  doubt 
that  the  cells  of  warm-blooded  animals  are  bathed  by 
liquids  of  quite  exceptional  stability  of  composition  and 
of  physico-chemical  properties,  so  that  their  protoplasm 
is  in  general  not  obliged  to  protect  itself,  if  one  may  use 

20  C.  Bernard,  Legons  sur  les  phenomenes  de  la  vie  communs  aux 
animaux  et  aux  vegetaux,  I,  113,  Paris,  1878. 
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such  an  expression.  Needless  to  say,  protoplasm  is  also 
otherwise  protected.  Thus  it  is  often  covered  with  a  cell 
membrane  which  is  not  permeable  to  all  substances  and 
may  manifest  selective  permeability  even  toward  similar 
molecules.  Through  the  study  of  these  facts  the  relations 
of  protoplasm  to  its  immediate  environment  are  gradu- 
ally becoming  intelligible. 

It  would  not  be  difficult  to  continue  at  length  this  dis- 
cussion of  general  physiology.  For  example,  we  have 
hardly  touched  on  metabolism,  or  on  reproduction,  in- 
cluding the  reproduction  or  synthesis  of  specific  proteins 
and  enzymes,  while  the  problems  of  heredity  have  not 
been  even  mentioned,  nor  have  those  of  behavior,  of  con- 
stitution, type,  and  individuality.  Such  questions  are  of 
the  greatest  interest  to  all  physiologists.  If  it  were  possi- 
ble to  relate  them  to  our  present  knowledge  of  the  physico- 
chemical  properties  of  blood  and  protoplasm,  we  should 
have  to  take  them  into  account.  The  time  has,  however, 
not  yet  come  when  the  facts  can  be  usefully  brought  to- 
gether, and  at  this  stage  in  the  development  of  the  sci- 
ence speculation  is  idle.  Only  in  the  case  of  metabolism 
shall  we  find  it  possible  to  go  a  little  farther. 

This  abstract  description  of  the  methods  by  which  we 
may  at  present  approach  the  study  of  the  "elementary 
condition  of  the  phenomena  of  life ' ?  will,  I  hope,  prove 
sufficient  for  the  present  purposes.  As  a  philosophy  of 
the  organism  it  is  manifestly  defective.  But  in  biology  too 
much  abstraction  is  a  dangerous  thing  and  it  is  time  that 
we  approached  the  facts. 


CHAPTER  II 
COMPONENTS  AND  FUNCTIONS 

THE  blood  of  vertebrates  is  a  physico-chemical  sys- 
tem of  great  complexity.  For  this  reason  knowl- 
edge of  its  composition  is  incomplete  and  methods 
of  studying  and  describing  it  are  sometimes  only  roughly 
approximate.  As  a  tissue  or  part  of  the  body  it  performs 
many  functions.  Therefore  an  investigation  of  any  prob- 
lem of  the  physiological  activity  of  blood  must  needs  be 
fragmentary  and,  like  all  such  researches,  is  always  pur- 
sued in  disregard  of  phenomena  which  later  have  to  be 
taken  into  account. 

Nevertheless,  relatively  to  other  parts  of  the  body 
blood  is  a  simple  system,  and  those  of  its  physiological 
functions  which  involve  activities  of  large  magnitude  are 
few.  They  seem  to  be  exclusively  physico-chemical,  for 
metabolic  activity  and  irreversible  chemical  processes  of 
all  kinds  are  nearly  inappreciable,  and  movement,  except 
in  the  case  of  the  leucocytes,  is  imparted  from  without.  In 
the  ordinary  course  of  the  circulation  there  are  no  enzy- 
matic processes  of  importance.  The  red  cells,  often  with- 
out a  nucleus,  are  relatively  structureless,  the  plasma  en- 
tirely so.  Thus  if  not  in  the  biological  sense,  at  least  in  the 
mathematical  sense,  blood  is  a  degenerate  case  of  a  tissue, 
constituted  of  degenerate  types  of  protoplasm.  But  this 
is  as  much  as  to  say  that  blood  is  in  some  respects  pecu- 
liarly well  suited  to  quantitative  experimental  study. 

There  is,  in  fact,  no  more  important  condition  in  scien- 
tific research  than  the  isolation  of  the  phenomenon  to  be 
studied  from  disturbances  of  other  kinds.  For  instance, 
the  absence  of  all  but  dynamical  phenomena  from  the  sub- 
ject of  his  investigation  made  Newton's  Principia  possi- 
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ble.  Under  other  conditions  it  is  in  the  limitation  of  such 
disturbances  that  the  master  of  experimentation  reveals 
himself.  But  in  physiological  research  such  limitation  is 
always  difficult  and  often  impossible.  Thus  the  case  of 
blood  is  for  the  physiologist  not  altogether  unlike  that  of 
the  solar  system  for  the  student  of  dynamics.  No  doubt  it 
would  go  too  far  to  compare  favorably  the  advantages 
which  absence  from  blood  of  metabolic  activity,  of  enzy- 
matic activity  and  the  like  confer  on  the  physiologist  with 
the  far  more  perfect  convenience  which  the  student  of 
celestial  mechanics  enjoys,  but  it  would  distort  the  facts 
to  overlook  these  advantages. 

The  question  is  sometimes  debated  whether  blood 
should  be  honored  with  the  rank  of  tissue,  or  whether  the 
red  cells  contain  protoplasm.  Perhaps  no  one  has  ever 
suggested  that  blood  plasma  should  be  classified  with  pro- 
toplasm. Yet  putting  aside  verbal  questions  as  meaning- 
less or  unimportant  for  our  purpose,  and  remembering 
that  in  a  continuum  classifications  are  arbitrary  and 
boundaries  conventional,  it  is  easy  to  show  that  blood  cor- 
puscles and  blood  plasma  alike  resemble  protoplasm. 
Also,  as  we  shall  see,  this  resemblance  is  sufficiently  great 
so  that  blood,  red  cells,  or  plasma  may  be  regarded  as  a 
physico-chemical  system  belonging  to  the  same  class  as 
protoplasm.  Accordingly  it  is  possible  to  obtain  much  use- 
ful information  regarding  protoplasm  from  the  study  of 
blood,  and  this  information  is  of  a  general  character  be- 
cause of  the  very  differences  between  blood,  cells,  and 
plasma  on  the  one  hand  and  more  typical  protoplasm  on 
the  other.  Is  it  not,  in  fact,  axiomatic,  or  possibly  an  iden- 
tical proposition  or  a  definition,  that  those  properties 
which  are  common  to  widely  different  members  of  a  class 
are  the  general  properties  ? 

We  must  now  describe  blood  as  a  physico-chemical  sys- 
tem. This  description  will  be  in  the  beginning  not  the  most 
exhaustive  but  the  least  exhaustive,  not  the  most  accurate 
but  the  least  accurate  approximation  to  the  facts  of  which 
we  can  make  use. 
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In  a  first  approximation  blood  (or  more  precisely  blood 
in  which  the  red  cells  have  no  nucleus)  may  be  regarded 
as  a  physico-chemical  system  consisting  of  two  phases: 
red  cells  and  plasma.  The  relative  volumes  of  the  two 
phases  are  very  variable  from  species  to  species,  and, 
within  one  species,  in  different  physiological  states  and 
in  different  pathological  states.  In  extreme  instances  the 
cells  may  make  up  more  than  60  per  cent  or  less  than  five 
per  cent  of  the  volume  of  the  blood.  In  man  they  may  per- 
haps vary  almost  throughout  these  limits,  but  under  nor- 
mal conditions  they  constitute  about  40  ±  5  per  cent  of 
the  volume  of  the  blood.  The  cells  vary  in  size  and  form 
from  species  to  species  and,  though  much  less,  under 
pathological  conditions.  The  form  is  invariably  such  that 
the  area  of  surface  is  much  greater  than  that  of  a  sphere 
of  equal  volume,  while  the  distance  of  any  point  in  the 
interior  from  the  surface  is  small.  In  man  the  volume  of 
a  single  cell  is  slightly  less  than  100  cubic  microns,  the 
surface  area  slightly  greater  than  100  square  microns, 
and,  per  liter  of  blood,  the  surface  area  of  red  cells  is 
about  500  square  meters.  Every  point  in  the  interior  of 
such  a  cell  is  less  than  two  microns  distant  from  the  sur- 
face. Accordingly  a  liter  of  human  blood  may  be  roughly 
compared  with  a  two-phase  system  in  which  each  phase 
exists  as  a  layer  one  micron  thick  and  500  square  meters 
in  area. 

The  principal  components  of  the  system  are  water,  cer- 
tain bases,  hydrochloric,  carbonic,  and  other  acids,  pro- 
teins, and  oxygen.  Evidently,  in  so  far  as  it  is  possible  to 
study  the  system  without  going  beyond  these  components, 
all  conclusions  except  those  dependent  upon  the  specific 
properties  of  the  blood  proteins  must  be  applicable  to 
protoplasm  in  general.  This  is  often  the  case. 

The  masses  of  the  components  present  in  blood  are 
variable.  In  man  water  makes  up  nine-tenths  of  the  mass 
of  the  plasma,  two-thirds  of  the  mass  of  the  cells,  and  ac- 
cordingly approximately  four-fifths  of  the  mass  of  the 
whole  blood.  Nearly  one-third  of  the  mass  of  the  cells  is 
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hemoglobin.  The  proteins  of  blood  plasma  constitute 
about  seven  or  eight  per  cent  of  the  whole  mass  of  their 
phase.  The  other  components  above  mentioned  account  as 
a  whole  for  less  than  two  per  cent  of  the  mass  of  the 
blood,  and,  disregarding  leucocytes,  plasma  fats,  and  lip- 
oids, and  such  other  substances  as  may  be  excluded  by 
the  approximation  involved  in  the  assumption  of  a  two- 
phase  system,  the  multitude  of  other  components,  neg- 
lected in  this  approximate  statement,  appear  to  make  up 
but  a  very  small  fraction  of  the  total  mass. 

It  is  important  also  to  take  note  of  the  magnitudes  of 
the  concentrations  of  the  more  important  constituents  of 
blood,  expressed  in  the  familiar  chemical  manner  as 
moles  and  millimoles  per  liter.  In  these  units  water  is 
present  in  a  concentration  of  about  45  moles  per  liter,  but 
hemoglobin,  even  on  the  assumption  of  an  improbably 
low  molecular  weight,  has  a  concentration  of  only  eight 
or  nine  millimoles  per  liter  in  normal  human  blood,  and 
the  concentration  of  the  plasma  proteins  is  much  less  than 
this.  In  an  approximate  description  many  of  the  colloidal 
properties  of  the  proteins  may  be  neglected,  but  the  high 
ratio  of  mass  to  concentration  and  the  consequent  high 
viscosity  with  low  osmotic  pressure  are  important,  while 
the  mere  size  of  the  molecule  of  the  protein  is  a  significant 
factor  in  all  osmotic  exchanges  within  the  organism.  The 
total  concentration  of  base  amounts  to  about  150  milli- 
moles per  liter,  of  chloride  to  about  one-half  this,  and  of 
bicarbonate  to  about  one-eighth  or  20  millimoles  per  liter. 
This  last  quantity  is,  however,  more  variable.  The  base 
bound  by  protein  may  amount  to  about  30  millimoles  per 
liter,  since  under  the  conditions  usually  existing  in  nor- 
mal blood  each  molecule  of  protein  accounts  for  nearly 
three  molecules  of  base.  The  concentration  of  oxygen  may 
vary  from  almost  nothing  to  the  above-mentioned  concen- 
tration of  hemoglobin;  it  is,  therefore,  always  low.  The 
total  concentration  of  dissolved  substances  (ions  plus 
molecules)  in  plasma,  as  measured  by  the  depression  of 
the  freezing  point,  is  approximately  300  millimoles  per 
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liter.  Since  osmotic  equilibrium  exists  and  there  must  be, 
at  most,  very  slight  mechanical  pressure  at  the  surface 
of  the  red  cell,  this  is  also  the  concentration  of  cell  con- 
tents. Accordingly,  as  a  solution,  blood  is  not  much  more 
concentrated  than  the  dilute  solutions  of  physical  chemis- 
try. It  is  certain,  in  view  of  these  facts,  that  the  compo- 
nents of  the  system  which  are  above  enumerated  account 
for  a  very  large  part  of  the  dissolved  constituents  of  nor- 
mal blood,  whether  these  are  measured  in  terms  of  mass 
or  of  mole-fraction.  But,  in  disease,  notably  nephritis, 
this  is  sometimes  not  a  close  approximation. 

Since  the  components,  in  Gibbs  's  sense,  of  the  physico- 
chemical  system  blood  are  the  most  important  variables 
with  which  we  shall  have  to  deal  throughout  this  book,  it 
will  be  convenient  to  characterize  and  to  discuss  them  a 
little  more  clearly.  Henceforth  we  shall  recognize  the  fol- 
lowing components  of  blood  and,  except  incidentally,  no 
others:  (1)  Water,  H20.  (2)  Carbon  dioxide,  C02.  (3) 
Oxygen,  02.  (4)  Hydrochloric  acid,  HC1.  (4a)  The  sum  of 
all  other  acids  except  proteins  (that  is,  excluding  carbonic 
and  hydrochloric  acids  and  proteins)  which  are  combined 
with  base,  HX.  (5)  The  sum  of  all  the  bases  (except  pro- 
tein) of  the  plasma  (or  serum),  BOHs.  (6)  The  sum  of 
all  the  bases  (except  protein)  of  the  cells,  BOHc.  (7)  The 
sum  of  the  proteins  of  plasma  (or  serum),  Ps.  (8)  The 
protein  of  the  cells,  Pc  or,  approximately,  Hb.  For  most 
purposes  components  4,  HC1,  and  4a,  HX,  may  be  con- 
sidered as  a  single  component. 

The  recognition  of  two  components  Ps  and  Pc  (or  Hb) 
is  due  to  two  facts :  the  inability  of  proteins  to  cross  the 
cell  wall,  and  the  change  in  the  properties  of  the  hemo- 
globin molecule  which  accompanies  oxygenation.  Either 
of  these  facts  would  make  impossible  the  approximation 
which  considers  the  proteins  of  blood  collectively  as  one 
component.  It  may  be  noted  that  from  the  physico-chemi- 
cal point  of  view  hemoglobin  is  an  exceptional  protein. 
But  the  proteins  of  plasma,  though  their  properties  are 
unquestionably  adaptive,  are  typical.  The  recognition  of 
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BOHs  and  BOHc  as  two  components  is  due  to  the  fact,  as 
yet  unexplained,  that  base  crosses  the  cell  wall  inappre- 
ciably or  not  at  all. 

Since  blood  is  normally  without  measurable  metabolic 
activity  in  many  species,  notably  in  man,  it  is  easy  to  es- 
tablish a  state  of  equilibrium,  or  at  least  a  stationary 
state  at  present  indistinguishable  from  equilibrium,  in 
this  system,  and  to  study  it  at  leisure.  This  is  an  inesti- 
mable advantage  which  would  alone  suffice  to  make  of 
blood  the  most  favorable  subject  for  many  investigations 
in  general  physiology.  It  should  be  noted  that  blood  of 
the  type  which  has  no  metabolism  of  its  own  is  always  in 
equilibrium  in  all  the  vessels  of  the  body  where  the  walls 
are  impermeable  to  its  constituents.  At  any  moment  this 
is  the  case  for  a  variable  but  great  part  of  all  the  blood 
in  the  body. 

In  the  physico-chemical  equilibrium  of  blood  two  gase- 
ous components,  carbon  dioxide  and  oxygen,  are  involved 
and  take  a  large  part.  In  accordance  with  the  gas  laws  the 
true  thermodynamical  concentrations  throughout  the  sys- 
tem may  be  calculated  with  a  high  degree  of  accuracy 
from  the  partial  pressure  in  a  gas  phase  which  has  been 
brought  into  equilibrium  with  the  liquid  phase.  Hence,  in 
the  case  of  blood,  gas  analysis  yields  information  of  a 
theoretically  unimpeachable  nature  concerning  the  values 
of  two  variables.  It  is  this  fact,  together  with  the  possi- 
bility of  establishing  a  condition  of  equilibrium,  which, 
even  more  than  the  relative  simplicity  of  blood,  has  made 
possible  most  of  the  experiments  with  which  these  lec- 
tures are  concerned. 

Three  physiological  functions  of  blood,  that  of  milieu 
interieur  or  environment  of  the  organs  and  tissues,  and 
those  of  vehicle  for  the  transport  of  oxygen  and  of  car- 
bonic acid  between  lungs  and  tissues,  are  describable  to 
a  first  approximation  in  terms  of  the  components  just 
enumerated  and  of  their  physico-chemical  interactions. 
Together  with  the  transport  of  water  and  of  glucose,  con- 
cerning which  knowledge  is  insufficient,  and  perhaps  the 
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regulation  of  temperature,  these  are  quantitatively  the 
most  considerable  functions  of  blood.  They  are  its  only 
physiological  functions  which  will  be  considered  in  this 
book. 

As  environment  of  the  organs  and  tissues  it  is  neces- 
sary that  the  physico-chemical  properties  of  blood  plasma 
should  be  liable  to  no  more  than  small  fluctuations.  The 
properties  here  in  question  are  temperature,  viscosity, 
and  a  few  other  physical  properties,  and  the  true  thermo- 
dynamical  concentrations  or  activities  of  the  various  ions 
and  molecules  of  the  solution.  In  particular  the  concen- 
tration of  water  (osmotic  pressure),  commonly  measured 
by  the  depression  of  the  freezing  point,  the  concentra- 
tions of  hydrogen  and  hydroxyl  ions,  often  expressed  as 
pH,  and  the  concentration  of  the  bicarbonate  ion  HC03", 
are  important.  Not  less  so,  though  almost  always  subject 
to  relatively  greater  fluctuations  in  each  respiratory  cycle 
of  the  blood,  are  the  concentrations  of  oxygen  and  free 
carbonic  acid,  which,  in  accordance  with  the  principle 
above  referred  to,  are  commonly  measured  by  the  pres- 
sures of  oxygen  and  carbon  dioxide  gases  in  equilibrium 
with  blood.  From  this  point  of  view  the  degree  of  oxy- 
genation of  hemoglobin,  except  indirectly  through  its  rela- 
tion to  the  concentration  of  free  oxygen,  is  less  important. 

Claude  Bernard's  theory  of  the  constancy  of  the  milieu 
interieur  was  formulated  at  a  time  when  information  re- 
garding the  composition  of  the  blood  was  scanty  and 
when  the  theories  of  physical  chemistry  were  still  so  un- 
developed that  an  exact  quantitative  study  of  the  prob- 
lem was  impossible.  It  has,  however,  received  remarkable 
confirmation,  especially  from  the  discoveries  and  theo- 
retical advances  of  the  present  century.  Yet  it  must  be 
evident  that  there  can  exist  no  more  than  a  rough  ap- 
proximation to  constancy  in  the  properties  of  blood.  The 
following  changes  are  too  well  known  to  call  for  com- 
ment: (1)  The  transition  from  arterial  to  venous  and 
from  venous  to  arterial  blood.  (2)  Diminution  in  the  mass 
of  cells    (anemia)    or  the  reverse    (polycythemia).    (3) 
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Diminution  in  the  amount  of  base  available  for  the 
transport  of  carbonic  acid  (acidosis)  or  the  reverse  (alka- 
losis). Changes  also  occur  as  a  result  of  the  formation  of 
lymph,  of  cerebro-spinal  fluid,  of  urine,  and  of  other  simi- 
lar processes.  In  like  manner  absorption  of  the  contents 
of  the  alimentary  canal  is  not  without  effect.  As  a  result 
of  such  phenomena  every  constituent  of  the  blood  must 
be  constantly  varying  in  concentration. 

Taking  these  facts  into  account,  it  is  plain  that  the 
theory  must  now  be  modified.  As  a  first  approximation 
we  still  say  that  the  properties  of  the  blood  are  constant, 
and  this  remains  the  most  important  proposition  that  can 
be  stated  about  this  subject.  A  more  accurate  proposition 
asserts  that  throughout  the  body  the  properties  of  blood 
are  variable,  but  that  each  organ  and  tissue  and  even  per- 
haps each  portion  of  an  open  capillary  contains  blood  of 
constant  composition.  In  turn  this  proposition  may  be 
modified  to  the  effect  that  the  properties  of  blood  are 
always  varying,  though  slightly  and  almost  inappreci- 
ably, with  changing  metabolism  and  with  changing  ac- 
tivity of  the  different  organs,  and  that  in  pathological 
conditions  changes  may  become  much  greater.  Each  of 
these  propositions  is  useful,  the  first  for  general  purposes 
and  as  a  means  of  understanding  the  whole  organism,  the 
second  in  studies  of  the  physiological  changes  accompany- 
ing the  circulation  of  the  blood,  the  last  in  the  accurate 
study  of  special  problems  of  physiology  and  pathology. 

Such  changes,  like  all  other  physiological  processes, 
are  in  a  measure  adaptive.  It  will  be  one  of  the  principal 
topics  of  later  chapters  to  explain,  with  the  help  of  accu- 
rate quantitative  data,  how  this  is  true  of  the  respiratory 
cycle.  We  shall  also  consider  at  length,  from  the  stand- 
point of  the  theory  of  the  constancy  of  the  environment, 
the  adaptive  character  of  changes  of*  the  blood  in  acidosis 
and  alkalosis,  and  in  anemia.  Other  examples  may  be 
found  in  the  case  of  variation  of  the  metabolism. 

Among  the  physico-chemical  properties  of  blood  some 
are  more  important  than  others.  This  may  be,  as  with  the 
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concentration  of  oxygen,  because  of  the  nature  of  meta- 
bolic processes.  It  may  be,  as  in  the  case  of  the  relative 
concentrations  of  sodium  and  potassium  ions,  because  of 
the  structure  of  the  cells  and  of  protoplasm.  Or  it  may  be 
because  even  in  simple  physico-chemical  systems  some 
things  are  more  important  than  others.  Among  the  vari- 
ables of  the  last  class,  temperature,  the  concentration  of 
water  (or  osmotic  pressure),  and  the  concentration  of 
hydrogen  and  hydroxyl  ions,  are  particularly  notable. 

Stability  of  hydrogen  ion  concentration  is  a  property 
of  all  forms  of  blood  and  also  of  the  waters  of  the  earth. 
In  higher  organisms  this  condition  is,  however,  insured 
by  elaborate  physiological  regulatory  processes.  Con- 
stancy of  osmotic  pressure  of  blood  is  less  general,  but 
seems  to  have  been  acquired  at  a  relatively  early  stage  of 
evolution.  Constancy  of  temperature  insured  by  physio- 
logical regulation  is  peculiar  to  the  birds  and  mammals. 
It  seems  probable  that  temperature  and  osmotic  pressure 
in  the  higher  vertebrates  are  approximately  optimal  con- 
ditions for  the  activities  of  protoplasm.  In  the  case  of  the 
hydrogen  ion  concentration  there  can  be  no  doubt  that 
this  is  so. 

It  may  be  supposed  that  the  properties  of  protoplasm 
were  early  adapted  to  the  conditions  of  hydrogen  ion  con- 
centration that  are  to  be  found  in  natural  waters.  In  re- 
spect of  osmotic  pressure  there  seems  to  be  an  evolu- 
tionary convergence  on  the  conditions  which  exist  in 
higher  animals,  and,  as  for  temperature,  it  is  remarkable 
that  the  birds  and  mammals  have  independently  evolved 
a  temperature  regulation  at  about  40°.  In  view  of  these 
facts  it  may  be  assumed  that  such  conditions  are  in  gen- 
eral favorable  to  the  class  of  systems  which  we  call  proto- 
plasm, but  that  individual  systems  belonging  to  this  class 
may  vary  more  or  less  as  a  result  of  special  adaptations. 

Total  fluid  pressure  in  blood  is  ordinarily  unregulated, 
but  is  not  commonly  subject  to  wide  variations.  Neverthe- 
less the  difference  in  pressure  between  blood  and  the  sur- 
rounding tissues  is  accurately  regulated.  In  the  arteries 
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this  is  of  merely  dynamical  importance,  but  in  the  capil- 
laries, even  though  the  difference  in  pressure  is  small,  it 
is  a  factor  in  the  formation  of  lymph,  of  cerebro-spinal 
fluid,  and  of  urine. 

The  properties  of  the  components  of  the  blood  are 
highly  adapted  to  the  function  of  preserving  the  con- 
stancy of  the  environment  of  cells  and  tissues  and  to  the 
functions  of  transporting  carbonic  acid  and  oxygen.  For 
example,  the  buffer  action  of  a  mixture  of  carbonic  acid 
and  its  salts  is  unsurpassed  as  a  means  of  maintaining  a 
nearly  neutral  reaction  through  direct  neutralization  of 
acid  or  base.  To  this  process  the  proteins  of  the  blood  also 
contribute,  while  hemoglobin,  indirectly  as  a  result  of 
cyclical  changes  attendant  upon  its  union  with  oxygen  in 
the  lung  and  the  dissociation  of  this  compound  in  the 
tissues,  largely  compensates  for  the  changes  in  alkalinity 
which  would  otherwise  result  from  simultaneous  changes 
in  the  carbonic  acid  content  of  the  solution.  Not  less  re- 
markable is  the  adaptation  of  the  properties  of  hemo- 
globin to  the  transport  of  oxygen.  Ail  of  these  functions 
are  performed,  however,  not  by  the  blood  alone,  but  in  co- 
operation with  the  lungs,  the  kidneys,  and  other  organs. 

Hemoglobin,  as  just  noted,  is  adapted  to  three  func- 
tions, oxygen  transport,  carbonic  acid  transport,  and 
regulation  of  the  alkalinity  of  blood.  Because  thus  en- 
gaged in  three  physiological  activities,  it  serves  to  cor- 
relate them  and  to  assure  their  harmonious  concurrence. 
It  is  the  only  substance  except  hemocyanin  which  is  now 
known  to  possess  so  many  functions  and  thus  the  best  ex- 
ample of  adaptation  of  chemical  properties  to  organic 
ends. 

The  eight  components  of  blood  which  have  been  enu- 
merated are  involved  in  various  chemical  and  physico- 
chemical  processes.  These  processes,  though  all  intercon- 
nected, may  be  readily  distinguished.  In  certain  cases  it 
is  even  possible  to  isolate  them. 

Water  dissociates  in  blood  to  a  very  slight  degree.  Yet 
the  law  of  its  dissociation  is  important  because  it  relates 
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the  concentration  of  hydroxyl  ions  to  that  of  hydrogen 
ions  and  thus  permits  the  calculation  of  one  from  esti- 
mates of  the  other.  Water  is  the  solvent  of  all  other  sub- 
stances with  which  we  shall  be  concerned,  and  in  every 
case  which  involves  these  substances  there  appears  to  be 
a  sufficiently  close  approximation  to  the  state  of  true 
solution.  As  a  result  of  changes  in  the  concentration  of 
dissolved  substances  during  the  respiratory  cycle  water 
passes  back  and  forth  by  osmosis  between  cells  and 
plasma.  It  also  reacts  with  carbon  dioxide  to  form  car- 
bonic acid. 

Carbon  dioxide  (C02)  is  not  known  to  enter  into  any 
other  chemical  reaction,  and  we  do  not  know  whether  it 
can  pass  the  cell  wall.  Certain  it  is,  however,  that  one  or 
both  of  the  substances  carbon  dioxide  and  carbonic  acid, 
as  well  as  the  bicarbonate  ion,  appears  to  move  freely  in 
and  out  of  the  cell.  Carbonic  acid  dissociates  slightly  into 
hydrogen  and  bicarbonate  ions  but,  like  water,  exists  al- 
most entirely  as  undissociated  molecules.  These  consist 
of  both  C02  and  H2C03.  The  concentration  of  bicarbonate 
ion  is  nevertheless  considerable,  for  the  bicarbonates  of 
blood  greatly  exceed  the  free  carbonic  acid.  These  salts 
are  highly  dissociated,  or,  according  to  modern  theories, 
perhaps  completely. 

The  concentration  of  free  oxygen  in  blood  is  much 
lower  than  that  of  free  carbonic  acid  (C02  +  H2C03). 
Oxygen  diffuses  across  the  cell  wall.  It  enters  into  a  loose 
reversible  chemical  combination  with  hemoglobin  to  form 
oxyhemoglobin. 

Hydrochloric  acid  is  present  as  highly  or  completely 
dissociated  salts.  The  chloride  ion  moves  freely  between 
cells  and  plasma.  The  other  acids  of  blood  (HX)  behave 
in  general  like  hydrochloric  acid.  Some  of  them,  however, 
like  phosphoric  acid,  lactic  acid,  and  hydroxybutyric  acid, 
are  less  strong.  In  these  cases  salt  formation  may  be  in- 
complete, in  accordance  with  the  well-known  laws  of 
equilibrium  between  acids  and  bases. 

The  bases,  both  of  the  plasma  and  of  the  cells,  also 


COMPONENTS  AND  FUNCTIONS  33 

exist  only  as  salts,  since  the  concentration  of  hydroxyl 
ions  is  so  small  that  the  amount  of  free  base  may  be  re- 
garded as  infinitesimal.  There  is  no  satisfactory  evidence 
that  bases  can  pass  across  the  cell  wall,  and  it  is  certain 
that  in  man  they  do  not  pass  in  large  quantities. 

The  proteins  of  plasma,  as  amphoteric  substances  of 
high  molecular  weight  which  contain  considerable  num- 
bers of  weak  acid  and  basic  groups  of  different  strengths, 
are  more  difficult  to  characterize.  Since  the  isoelectric 
points  of  these  proteins  lie  far  on  the  acid  side  of  the  re- 
action of  the  blood,  it  seems  probable  that  their  basic 
groups  are  all  free  and  undissociated,  while  their  acid 
groups  are,  in  varying  degrees,  but  by  no  means  com- 
pletely, ionized  as  salts  of  the  plasma  bases.  These  pro- 
teins cannot  pass  the  cell  wall. 

The  condition  of  hemoglobin  in  the  cells  is  similar.  In 
this  case,  however,  the  isoelectric  point  falls  near  the  re- 
action of  blood.  It  is  therefore  probable  that  the  basic 
groups  may  not  be  quite  undissociated.  Nevertheless,  in 
general,  the  ionization  of  the  acid  groups  seems  to  be 
alone  large  and  for  many  purposes  we  may  adopt  the 
fiction  that  nothing  else  is  in  question.  As  above  stated, 
hemoglobin  combines  in  widely  varying  amounts  with 
oxygen.  This  protein  also  cannot  pass  the  cell  wall. 

Such,  in  the  briefest  possible  outline,  is  the  condition  of 
the  components  of  this  system.  The  description  is  but 
roughly  approximate  and  it  is  stated  in  terms  of  theories, 
some  of  which  are  at  present  in  question  among  physical 
chemists.  I  trust,  nevertheless,  that  it  will  be  found  both 
sufficiently  accurate  and  sufficiently  complete  for  the 
present  purposes. 

Whenever  the  physiological  state  of  the  individual  is 
not  changing,  the  only  important  variations  in  the  com- 
position of  the  blood  are  the  cyclical  changes  in  oxygen 
and  carbon  dioxide  content  in  the  capillaries  of  the  lungs 
and  in  those  of  the  greater  circulation.  These  changes  are, 
however,  attended  by  important  modifications  of  chemi- 
cal and  physico-chemical  equilibria  which  involve  all  the 
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other  components  of  the  blood.  Even  in  such  a  stationary- 
state,  however,  there  are  always  lesser  variations  in  the 
masses  of  the  other  components  on  account  of  the  forma- 
tion of  lymph  and  other  fluids,  on  account  of  absorption 
from  the  intestine,  and  for  other  reasons.  With  changes 
in  physiological  activity  or  changes  from  health  to  disease, 
variations  in  all  the  other  components  become  important. 
We  shall  first  consider  the  stationary  state  of  the  body 
and  assume  as  a  sufficiently  accurate  approximation,  that 
the  only  variations  in  the  blood  are  due  to  the  exchanges 
of  carbon  dioxide  and  oxygen  across  the  capillary  walls. 
When  carbon  dioxide  enters  or  leaves  the  blood  there  is 
a  disturbance  of  equilibrium  in  both  plasma  and  cells  be- 
tween this  substance,  the  bases,  and  the  other  weak  acids. 
If  for  convenience  we  neglect  the  phosphates  and  other 
similar  compounds  included  in  the  component  HX  and 
also  the  ionization  of  hemoglobin  as  a  base,  we  may  repre- 
sent the  process  by  the  two  reversible  reactions : 

H2C03  +  BPS  =  BHCO3  +  HP8 , 
H2C03  +  BPC  =  BHCO3  +  HPC, 

and  we  may  say  that  the  absorption  of  carbonic  acid  in 
varying  amounts  by  blood  is  chiefly  due  to  the  transfer  of 
base  from  proteins  to  carbonic  acid.  It  must  be  noted  that 
the  above  reactions  are  greatly  simplified  schemeta,  for 
the  proteins  are  far  from  being  simple  monobasic  acids. 
When  the  entrance  of  carbonic  acid  into  the  blood,  ac- 
companied by  these  two  reactions,  takes  place,  there  must 
evidently  be  an  increase  in  the  concentration  of  free  car- 
bonic acid,  of  bicarbonate,  and  of  those  protein  molecules 
in  which  certain  acid  radicals  are  free,  and  a  decrease  of 
the  concentration  of  protein  molecules  in  which  certain  acid 
radicals  are  ionized  as  salts.  Hence  there  result  two  fur- 
ther changes  in  the  system:  (1)  An  increase  in  the  hydro- 
gen ion  concentration,  and  (2)  an  increase  in  the  total 
concentration  of  dissolved  substances.  The  first  change 
depends  on  the  fact  that  hydrogen  ion  concentration  is 
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proportional  to  the  ratio  of  free  carbonic  acid  concentra- 
tion to  bicarbonate  concentration, 

m+\  —  ]z-  (H2CQ3) 
(±1  }  ~  *  (BHCO3) 

and  that,  according  to  the  law  of  mass  action,  this  ratio 
must  always  increase  when  carbonic  acid  is  added  to  the 
system.  The  second  change  depends  upon  the  fact  that 
the  number  of  molecules  and  of  ions  derived  from  the 
components  B  and  P  remains  roughly  constant,  while 
each  molecule  of  carbonic  acid  added  to  the  system  forms 
either  an  osmotically  active  molecule  of  H2C03  (or  C02), 
or  an  active  ion  of  HC03~. 

In  general  these  changes  of  concentration,  resulting 
from  the  addition  of  a  small  quantity  of  carbonic  acid  to 
the  system,  will  be  of  different  magnitudes  in  cells  and  in 
plasma.  This  is  in  large  measure  due  to  the  great  differ- 
ence in  concentration  of  protein  in  the  two  phases,  for 
where  the  concentration  of  protein  is  higher,  as  in  the 
cells,  more  bicarbonate  will  be  formed,  while  the  concen- 
trations of  free  carbonic  acid  will  remain  equal,  or  nearly 
so,  in  the  two  phases.  The  high  buffer  value  of  hemoglobin 
greatly  enhances  this  disparity.  A  condition  of  equilib- 
rium in  respect  of  hydrogen  ions  and  of  water  existed  be- 
fore the  addition  of  carbonic  acid,  but  as  a  result  of  the 
changes  following  the  addition  of  carbon  dioxide  unequal 
changes  in  the  concentrations  of  these  substances  must 
have  taken  place  in  cells  and  in  plasma,  since  increase  in 
bicarbonate  is  accompanied,  under  these  circumstances, 
by  diminution  of  hydrogen  ion  concentration  and  by  in- 
crease of  osmotic  pressure.  Thus  there  must  exist  a  tend- 
ency for  acid  and  for  water  to  pass  from  plasma  to  cells 
in  order  to  reestablish  the  disturbed  heterogeneous  acid- 
base  equilibrium  and  the  disturbed  osmotic  equilibrium. 
In  accordance  with  these  considerations,  the  addition  of 
carbonic  acid  to  blood  is,  in  fact,  followed  by  a  movement 
of  water  and  of  hydrochloric  acid  and  other  acids  into  the 
cells  from  the  plasma. 
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All  these  changes  are  reversed  when  carbonic  acid 
passes  out  of  the  blood.  In  this  complicated  chain  of 
events,  everything  takes  place  in  a  manner  that  can  be 
explained  on  theoretical  grounds  and  imitated  in  artificial 
systems.  But  failure  of  the  bases  to  take  part  in  the  os- 
motic process,  and  to  move  across  the  cell  wall  in  an  op- 
posite direction  to  that  taken  by  the  acids,  is  as  yet  unex- 
plained. This  is  a  defect  in  our  theories,  but  it  is  fortu- 
nately of  little  importance  in  the  physiological  study 
which  we  are  about  to  undertake. 

Oxygen,  dissociated  and  free,  exists  in  the  blood  in 
small  amount.  The  greater  part  is  always  in  chemical 
combination  with  a  radical  of  the  hemoglobin  molecule  in 
the  form  of  oxyhemoglobin.  When  oxygen  enters  or  leaves 
the  blood,  corresponding  changes  in  the  concentration  of 
free  oxygen  occur,  but  the  greatest  changes  are  in  the 
concentration  of  oxyhemoglobin. 

The  combination  of  oxygen  with  hemoglobin  has  been 
the  subject  of  many  investigations,  but  is  not  yet  thor- 
oughly understood.  It  is,  however,  known  that,  when  com- 
plete, the  union  of  oxygen  with  hemoglobin  is  in  the  ratio 
of  32  to  about  16,700  by  weight,  that  this  corresponds  to 
the  presence  of  one  molecule  of  oxygen  for  each  atom  of 
iron  in  the  hemoglobin  molecule,  and,  accordingly,  that 
the  simplest  conceivable  formula  of  oxyhemoglobin  is 
Hb02.  If  this  were  the  case  the  reversible  reaction  repre- 
senting the  union  of  oxygen  with  hemoglobin  would  be 

Hb  +  02  =  Hb02. 

Evidence  exists,  however,  in  favor  of  the  hypothesis  that 
the  molecular  weight  of  hemoglobin  is  67,000,  each  mole- 
cule containing  four  atoms  of  iron,  and  consisting  per- 
haps of  a  union  of  four  identical  or  very  similar  com- 
pound-protein radicals,  of  which  each  corresponds  to  the 
above-mentioned  molecule  of  molecular  weight,  16,700. 
On  this  hypothesis  the  formula  of  oxyhemoglobin  would 
be  Hb408,  that  of  reduced  hemoglobin  Hb4.  For  the  pres- 
ent the  mechanism  of  such  a  possible  reaction  must  re- 
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main  uncertain,  since  the  intermediate  forms  Hb406, 
Hb404,  Hb402  may  or  may  not  be  involved  in  the  process. 
In  any  case  it  is  plain  that  the  chemical  equilibrium  be- 
tween a  simple  substance  of  low  molecular  weight,  like 
oxygen,  and  another  of  very  complex  structure  whose  mo- 
lecular weight  is  a  thousand  times  greater  may  well  pre- 
sent novel  features,  the  elucidation  of  which  will  perhaps 
be  difficult. 

We  have  already  noted  the  fact  that,  apart  from  its 
variable  union  with  oxygen,  the  hemoglobin  of  blood  is 
not  always  in  the  same  state,  but  that  its  acid  radicals 
are  partially  ionized  as  salts  and  that  the  extent  of  this 
salt  formation  is  variable.  Although,  theoretically,  any 
changes  in  one  radical  of  a  molecule  must  exert  an  influ- 
ence on  the  other  radicals,  it  was  hardly  to  be  expected 
on  chemical  grounds  that,  under  these  circumstances,  the 
effect  of  one  radical  on  the  other  would  be  sensible.  This 
does,  however,  seem  to  be  the  case.  Certain  it  is  that  as 
carbonic  acid  is  added  to  blood  and  the  ionization  of  the 
acid  radicals  of  the  hemoglobin  molecule  diminishes,  the 
affinity  of  hemoglobin  for  oxygen  also  diminishes.  This 
action  cannot  be  other  than  reciprocal,  and,  in  fact,  as 
oxygen  enters  into  combination  with  hemoglobin  the  ion- 
ization as  acid  seems  to  increase,  or  in  other  words,  hemo- 
globin appears  to  become  a  stronger  acid  which  displaces 
carbonic  acid  from  its  union  with  base.  This  is  most  easily 
explained  by  the  hypothesis  that  near  the  point  of  union 
of  oxygen  in  the  hemoglobin  molecule  is  an  acid  radical 
whose  dissociation  constant  is  greater  when  oxygen  is 
united  with  the  molecule,  and  reciprocally  that  when  this 
acid  radical  is  ionized  the  affinity  for  oxygen  is  increased. 
Apart  from  all  questions  concerning  the  chemical  mecha- 
nism of  this  interaction  between  oxygen  and  carbonic 
acid,  its  physiological  importance  must  be  apparent.  For, 
by  this  means,  the  entrance  and  exit  of  carbonic  acid  from 
the  blood  facilitates  and  is  facilitated  by  the  exit  and  en- 
trance of  oxygen.  Also  the  variations  of  hydrogen  ion 
concentration,  small  though  they  may  be,  which  must 
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otherwise  accompany  the  respiratory  variations  in  car- 
bonic acid  concentration,  are  greatly  diminished  by  these 
reciprocal  changes  in  the  acidity  of  hemoglobin. 

Such  changes  in  the  hemoglobin  molecule  cannot  fail 
also  to  modify  the  osmotic  exchange  between  cells  and 
plasma.  This  may  be  attributed,  as  above  explained,  to 
disturbances  of  the  heterogeneous  hydrogen  and  hydroxyl 
ion  equilibria  and  to  accompanying  disturbances  in  the 
total  concentrations  of  cell  and  plasma  solutions,  through 
variations  in  concentration  of  the  bicarbonate  ion  in  the 
two  phases.  Evidently  all  these  factors  must  be  modified 
by  the  peculiar  behavior  of  the  hemoglobin  molecule 
which  is  now  in  question.  Thus  hemoglobin,  which  is  the 
most  highly  adapted  component  of  the  blood,  at  least  in 
respect  of  the  respiratory  function,  may  be  regarded  as 
a  center  from  which  all  the  respiratory  changes  radiate. 
It  will  be  convenient  sometimes  to  adopt  this  point  of 
view. 

It  is  now  apparent  that  all  the  physico-chemical  equi- 
libria with  which  we  have  been  concerned  are  parts  of  a 
single  equilibrium.  No  one  of  these  processes  can  be  modi- 
fied without  a  modification  of  all  the  others,  and  such 
modifications  are  always  large.  This  was  by  no  means  to 
be  expected  on  chemical  grounds.  For,  though  it  is  true 
that  in  a  physico-chemical  system  each  component  and 
each  reaction  does  exert  an  influence  on  all  the  others, 
such  influences  are  often  negligible  in  a  first  approxi- 
mation. 
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Roughly,  the  changes  in  blood  which  constitute  the  re- 
spiratory cycle  may  be  represented  schematically  as  fol- 
lows: 
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But  as  we  have  seen,  other  factors  are  also  involved,  and 
no  diagram  of  this  sort  can  adequately  describe  the  whole 
process.  In  order  to  make  further  progress  in  the  de- 
scription of  the  blood,  we  must,  therefore,  pass  on  to  a 
quantitative  study  of  the  facts. 


CHAPTER  III 
ACID-BASE  EQUILIBRIUM 

THE  quantitative  description  of  blood  that  we  shall 
now  undertake  necessitates  a  careful  examination 
of  several  of  the  chemical  equilibria  referred  to  in 
the  preceding  chapter.  Among  these  the  most  important 
are  the  equilibrium  between  carbonic  acid  and  base,  the 
equilibrium  between  blood  proteins  and  base,  the  equilib- 
rium between  carbon  dioxide  and  whole  blood,  the  equi- 
librium between  oxygen  and  whole  blood,  and  the  hetero- 
geneous equilibrium  between  red  cells  and  plasma. 

The  relation  between  carbonic  acid  and  base,  which  is 
the  largest  factor  in  the  whole  acid-base  equilibrium  of 
blood,  is  responsible  for  many  of  the  most  characteristic 
properties  of  living  things.  It  is  not  peculiar  to  organic 
fluids,  but  in  some  of  its  features  is  common  to  all  the 
natural  waters  and  aqueous  solutions  of  the  earth.  In  it 
we  may  discern  one  of  the  elementary  properties  of  the 
environment,  a  primitive  and,  so  to  say,  pre-organic  con- 
dition which  is  not  less  important  geologically  than  it  is 
physiologically.23 

The  substance  carbon  dioxide,  upon  solution  in  water, 
reacts  to  form  carbonic  acid : 

C02  +  H20  =  H2C03. 

Unfortunately  the  extent  of  this  reaction  is  hardly  meas- 
urable.24 The  weak  acid  thus  formed  ionizes  incompletely 
according  to  the  reaction 

H2C03  =  H+  +  HCO3-. 

23  L.  J.  Henderson,  The  Fitness  of  the  Environment,  chaps.  IV,  V, 
New  York,  1913. 

24  Thiel  and  Strohecker,  Berichte  der  deutschen  chemischen  Gesell- 
schaft,  XLVII,  945,  1061  (1914).  Faurholt,  Zeitschrift  fur  anorganische 
Chemie,  CXX,  85  (1921). 
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Applying  the  law  of  mass  action  we  obtain  the  equation 

(H+HHCCV)  (1) 

fc~       (H2C03)       ' 

This  is  exact  if  the  quantities  in  parentheses  are  taken  as 
representing  the  true  thennodynamical  concentrations  or 
activities  of  the  respective  substances.  Also,  in  accord- 
ance with  Henry's  law,  we  may  write  the  equation 

(H2C03)=7l-A.c.(pC02),  (2) 

where  pC02  represents  the  partial  pressure  in  milli- 
meters of  mercury  of  carbon  dioxide  in  equilibrium  with 
a  solution,  c,  the  molal  concentration  of  free  carbonic  acid 
in  the  solution  when  pC02  =  1,  71  the  activity  coefficient  of 
carbonic  acid,  and  A  that  of  water  in  the  solution.  If  a  be 
the  absorption  coefficient  of  carbon  dioxide  we  have 

a 

C  = 


22.4  X  760 

Also,  if  bicarbonate  be  present  in  the  solution  we  have 

(HCO,-)=y.-[BHC08].  (3) 

Here  [BHC03]  as  usual  represents  the  ordinary  molal 
concentration  of  bicarbonate  and  y2  the  activity  coefficient 
of  the  bicarbonate  ion  in  the  solution. 

Combining  equations  1,  2,  and  3,  and  rearranging 
terms,  we  finally  obtain  an  equation  which  exactly  ex- 
presses the  hydrogen  ion  concentration  of  a  buffer  mix- 
ture of  carbonic  acid  and  bicarbonate. 

ravj  _yi*A,fr      C-(pCQ2)  /4n 

LX1  J  -       y2        "  [BHCO3]  " 

The  activity  coefficients  yt ,  y2 ,  and  A  are  variables ;  their 
values  depend  upon  the  nature  and  the  concentration  of 
every  substance  present  in  the  solution  and  for  the  pres- 
ent they  cannot  in  general  be  accurately  estimated.  Valu- 
able information  concerning  these  quantities  and  the  equi- 
librium in  question  may  be  found  in  a  recent  paper  by 
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Walker,  Bray,  and  Johnston.25  The  important  similar 
case  of  the  phosphate  buffer  system  has  been  studied  both 
theoretically  and  experimentally  by  Cohn.26  At  this  point 
ignorance  is  fortunately  less  important  in  physiological 
than  in  physico-chemical  researches.  For,  in  the  first 
place,  a  high  degree  of  accuracy  in  the  estimation  of  the 
absolute  values  of  these  activity  coefficients  is  not  neces- 
sary for  many  physiological  purposes,  and  secondly  blood 
plasma  is  perhaps  even  more  constant  as  a  thermo- 
dynamical  environment  than  as  the  environment  of  cells 
and  tissues.  Therefore  for  blood,  or  more  precisely  speak- 
ing for  blood  plasma  or  blood  corpuscles  of  each  species, 
we  may  write  the  equation 

£  ¥  =  k"  =  Const.  (5) 

y2 

From  this  relation  we  obtain  the  approximate  expression : 

m=^-fSrf-  (6) 

Also  Jc".\  =  k'  =  Const.  (7) 

Therefore  equation  6  is  equivalent  to  the  following  equa- 
tion : 

rH+i  — fc'  [H2COa]  •  (8) 

Li±  J  -  *    [BHC03]  * 

And  this  may  also  be  expressed  logarithmically  as  fol- 
lows: 

pH  =  pfc'  +  log  [BHC03]  -  log  [H2C03] .  (9) 

Here,  in  accordance  with  a  custom  which  is  sometimes 
bewildering  because  of  the  inverse  variation,  we  have  the 
definitions 

pH  =  -log[Hi, 

pfc'  =  -log  k'. 

25  Walker,  Bray,  and  Johnston,  Journal  of  the  American  Chemical 
Society,  XLIX,  1235  (1927). 

26  E.  J.  Cohn,  Journal  of  the  American  Chemical  Society,  XLIX, 
173  (1927). 
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In  equations  8  and  9  the  term  [H2C03]  stands  for  the 
total  molal  concentration  of  free  carbonic  acid,  whether 
in  the  form  H2C03  or  in  the  form  C02 .  The  valne  of  k\  as 
above  remarked,  is  subject  to  variations  from  one  thermo- 
dynamic environment  to  another.  In  extreme  cases  these 
variations  may  amount  to  more  than  a  fivefold  increase 
in  the  value  of  k\  but  this  is  only  true  for  widely  differing 
systems.  For  similar  systems  the  value  of  k'  is  always  ap- 
proximately constant,  and  there  is  much  experimental 
evidence  that  for  blood  plasma  the  approximation  is  a 
close  one.28 

Twenty  years  ago,  with  the  help  of  equation  8,  I  ex- 
plained in  detail  the  state  of  carbonic  acid  in  blood 
plasma,  its  share  in  the  acid-base  equilibrium  of  blood,  in 
the  regulation  of  blood  alkalinity,  and  the  other  physio- 
logical features  of  the  behavior  of  this  substance.29  Since 
that  time  these  questions  have  been  the  subject  of  a  large 
number  of  investigations.  As  a  result,  the  facts  are 
widely  known.  Therefore,  since  the  conclusions  of  my 
early  investigations  are  no  longer  the  subject  of  dispute, 
this  subject  may  be  rapidly  dispatched. 

The  value  of  k'  is  nearly  7.58  X  10"7  (p&'  =  6.12)  in 
blood  plasma  at  37°.  At  this  temperature  we  have  also 

(H+) •  (OH-)  =  &H2o  =  2.8  X  10-14.  (10) 

Therefore  a  neutral  solution  at  body  temperature  is  one 
in  which  the  following  equations  hold : 


(H+)  r=  (OH-)  =  V2.8  X  10-14  =  -  X  10~7N. 

5 
Since  log  -   X  10-7  =  —6.78,  neutrality  is  also  defined  by 

o 

the  relations 

pH  =  pOH  =  6.78.  (11) 

28  Hasselbalch  and  Lundsgaard,  Skandinavisches  Archiv  der  Physi- 
ologie,  XXVII,  13  (1911),  and  later  papers  by  many  authors. 

29  L.   J.    Henderson,  American  Journal   of  Physiology,   XXI,   427 
(1908) ;  Ergebnisse  der  Physiologie,  Jahrgang  VIII,  p.  254  (1909). 
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Accordingly,  the  condition  for  an  acid  reaction  at  37°  is 
given  by  the  inequalities 


(H+)>-XlO"7N>(OH-), 
o 

pH  <  6.78  <  pOH, 


(12) 
(13) 


and  the  condition  for  an  alkaline  reaction  by  the  ine- 
qualities 


(H+)<-XlO"7N<(OH-), 
pH  >  6.78  >  pOH. 


(14) 
(15) 


It  is  evident  (equation  8)  that  in  a  solution  having  the 
properties  of  blood  plasma,  when  the  concentrations  of 
free  carbonic  acid  and  of  bicarbonate  are  equal,  the  value 
of  the  hydrogen  ion  concentration  must  be  the  same  as 
that  of  k',  i.e.,  (H+)  =  7.58  X  10"7N;  the  value  of  pH  the 
same  as  that  of  p&',  i.e.,  pH  =  6.12.  This  is  an  acid  reac- 
tion for  which  the  concentration  of  hydrogen  ions  is 
nearly  five  times  as  great  as  at  the  neutral  point.  About 
this  value  of  the  hydrogen  ion  concentration  the  values 
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Fig.  2 
Approximate  Description  of  Buffer  Action 
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for  solutions  containing  mixtures  of  carbonic  acid  and  bi- 
carbonate vary  symmetrically  as  the  relative  concentra- 
tions of  the  two  substances  change.  Thus  if  the  ratio  be 
1 :  2  the  hydrogen  ion  concentration  becomes  3.79  X  10"7N ; 
if  the  ratio  be  2 : 1,  15.2  X  10"7N ;  if  the  ratio  be  1 :  10, 
7.58  X  10~8N;  if  the  ratio  be  10: 1,  7.58  X  10"6N. 

In  figure  2,  corresponding  to  the  well-known  titration 
curves  of  physical  chemistry,  these  conditions  are  com- 
pletely illustrated.  For  convenience  hydrogen  ion  concen- 
tration is  represented  logarithmically  by  values  of  pH  as 
abscissas.  The  ordinates  represent  the  readings  of  a  bu- 
rette from  which  sodium  hydroxide  solution  is  being  de- 
livered to  a  solution  originally  containing  free  carbonic 
acid  but  no  bicarbonate,  which  is  assumed  to  possess  and 
to  preserve  the  properties  of  blood  plasma.  Values  of  the 

ratio  rT)nriA  i  are  a^so  represented  as  ordinates.  While 
L±>JbiO(J3J 

this  curve  is  quite  as  accurate  a  representative  of  the 
facts  of  the  equilibrium  in  blood  plasma  as  is  now  possi- 
ble, and  probably  very  accurate  indeed,  it  must  be  borne 
in  mind  that  in  a  more  simple  solution,  such  as  a  pure 
solution  of  carbonic  acid,  the  value  of  k'  is  bound  to  vary 
sensibly  on  account  of  variation  in  the  activity  coefficients 
of  the  substances  involved  in  the  reaction.  Such  varia- 
tions will  depend  especially  upon  changes  of  the  ionic 
strength  of  the  solution.  In  such  cases  the  curve  suffers 
systematic  deformation.  The  nature  of  the  case  in  solu- 
tions of  phosphates  has  been  completely  worked  out  in 
the  above-mentioned  memoir  of  Cohn,30  who  has  shown 
that  the  Debye-Hiickel  theory  of  ionization  may  be  suc- 
cessfully applied. 

In  order  to  illustrate  the  departure  from  the  simple  ap- 
proximate equation  of  acid-base  equilibrium  (equation  8) 
which  is  to  be  expected  when  the  conditions  are  not  con- 
stant, as  they  are  in  blood  plasma,  and  are  subject  to  the 

30  E.  J.  Cohn,  Journal  of  the  American  Chemical  Society,  XLIX, 
173  (1927). 
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variations  which  commonly  arise  in  pure  solutions,  figure 
3,  taken  from  Cohn's  paper,31  is  printed.  It  is  easy  to  see 
that  the  form  of  any  moderately  short  portion  of  any  of 
the  curves  of  this  figure  is  approximately  identical  with 
that  of  the  corresponding  portion  of  the  simple  curve  of 
figure  2,  but  that  over  wider  ranges  there  is  an  important 
discrepancy.  Also,  the  positions  of  the  curves,  corre- 
sponding to  the  values  of  k' ,  are  variable. 
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Fig.  3 
Accurate  Description  of  Buffer  Action 


The  buffer  value  of  carbonic  acid  may  be  conceived  as 
the  resistance  of  a  solution  containing  carbonic  acid  and 
bicarbonate  (and  in  certain  cases  carbonate)  to  a  change 
of  hydrogen  ion  concentration.  Speaking  more  precisely, 
it  is  measured  by  the  rate  of  change  in  such  a  solution  of 
the  concentration  of  neutralized  base  with  change  in  the 
value  of  pH  and  this  is  measured  by  the  slope  of  the  titra- 
tion curve.  Obviously  this  is  greatest,  the  curve  being 
steepest,  when  the  ratio  of  free  acid  to  salt  is  equal  to  1. 

31  Loc.  cit.,  p.  180. 
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It  diminishes  symmetrically  in  either  direction  from  this 
middle  point,  which  is  a  point  of  inflection.  Therefore  in 
blood  the  homogeneous  buffer  action  of  carbonic  acid  is 
a  maximum  when  (H+)  =  7.58  X  10-7N.  It  is  less  at  the 
neutral  point,  much  less  at  normal  blood  reaction.  The 
fact  remains  to  be  noted  that  precisely  the  same  curve  is 
obtained,  but  reversed,  if  starting  with  sodium  bicar- 
bonate a  strong  acid  be  added  and  the  escape  of  carbon 
dioxide  prevented. 

All  the  other  weak  acids  and  bases  of  the  blood  behave 
similarly.  The  only  difference  is  in  the  value  of  the  char- 
acteristic constant  k',  the  effect  of  variation  in  this  quan- 
tity being  to  bring  about  translation  of  the  curve  so  that 
its  middle  point  falls  on  the  abscissa  corresponding  to 
that  value  of  the  quantity  pH,  which  for  the  substance  in 
question  is  equal  to  the  value  of  pft'.  Hence  under  corre- 
sponding conditions  all  weak  acids  and  bases  have  the 
same  buffer  value.  For  the  case  of  weak  bases,  however, 
the  term  pH  must  be  replaced  in  the  equation  by  the  term 
pOH  and  the  ratio  of  acid  concentration  to  salt  concentra- 
tion by  the  ratio  of  base  concentration  to  salt  concentra- 
tion. 

It  is  evident  that  an  acid  slightly  weaker  than  carbonic 
acid,  for  instance  mono-sodium  phosphate,  would  be  more 
effective  than  carbonic  acid  in  preserving  a  precisely  neu- 
tral hydrogen  ion  concentration  by  means  of  a  homogene- 
ous reaction  of  the  nature  of  buffer  action  in  a  system 
having  the  properties  of  blood  plasma.  Moreover,  since 
the  reaction  of  blood  is  faintly  alkaline,  a  still  weaker 
acid  would  be  in  this  respect  still  more  efficient.  But  the 
buffer  action  of  carbonic  acid  in  blood  is  not  due  to  a 
homogeneous  chemical  equilibrium,  for  carbonic  acid  es- 
capes into  the  alveolar  air. 

When  free  carbonic  acid  is  in  equilibrium  with  carbon 
dioxide  in  the  air,  the  conditions  become  very  different 
from  those  in  the  homogeneous  buffer  system.32  We  may 

32  L.  J.  Henderson,  Ergebnisse  der  Physiologie,  Jahrgang  VIII,  p. 
301  (1909). 
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first  consider  the  case  of  constant  partial  pressure  of  car- 
bon dioxide  in  the  gas  phase,  say  pC02  =  40  mm.,  which 
corresponds  to  the  ordinary  conditions  in  the  human  lung. 
Adopting  the  customary  physiological  measure  of  con- 
centration of  carbonic  acid  in  volumes  per  cent,  we  then 
have  for  average  plasma 

[H2C08]  =  0.0687  X(pC02), 
=  0.0687  X  40, 
=  2.75  vols,  per  cent, 

and  if  the  pressure  of  carbon  dioxide  in  the  air  remains 
constant  and  equilibrium  between  air  and  solution  per- 
sists, then  the  concentration  of  free  carbonic  acid  in  the 
solution  must  remain  constant  at  the  value  2.75  volumes 
per  cent.  Let  us  consider  the  changes  that  will  occur  dur- 
ing the  titration  of  such  a  solution,  which  is  assumed  to 


Fig.  4 
Heterogeneous  Buffer  Action 
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possess  the  properties  of  blood  plasma.  In  this  case  equa- 
tion 7  becomes 

[H+]  =  7.58  X  10-7  X 


[BHC03]' 
or        [H+]  -  [BHCO3]  =  20.85  X  10"7, 

and  the  course  of  events,  as  a  solution  of  sodium  hydrox- 
ide is  added,  may  be  represented  by  figure  4.  Manifestly 
this  curve  becomes  steeper  as  alkalinity  increases.  It  is 
already  very  steep  at  the  neutral  point,  but  still  more  so 
at  the  reaction  of  blood.  Under  these  conditions  the  stabi- 
lizing effect  of  carbonic  acid  upon  hydrogen  ion  concen- 
tration is  very  greatly  enhanced.  Sea  water,  with  a  hydro- 
gen ion  concentration  in  the  neighborhood  of  1  X  10~8N, 
which  is  constantly  exchanging  carbon  dioxide  with  air 
under  conditions  that  preclude  equilibration,  while  al- 
ways tending  in  that  direction,  is  thus  stabilized  in  hydro- 
gen ion  concentration.33 

The  curve  of  figure  4  must  not  be  extended  indefinitely 
into  ranges  where  the  values  of  the  ratio  of  acid  to  salt 
are  very  small,  for  in  due  course  the  formation  of  normal 
carbonates  such  as  Na2C03  becomes  first  measurable  and 
then  important.  But  in  the  organism  this  complication 
may  be,  for  the  present  purposes,  left  out  of  account.  In 
sea  water,  however,  the  relative  concentration  of  normal 
carbonate  is  considerable. 

In  blood  there  are  further  complications  of  a  physiologi- 
cal character.  One  of  these  is  a  variation  of  breathing 
following  variation  of  the  acid-base  equilibrium  of  blood. 
Under  ordinary  conditions  a  close  approximation  to  car- 
bon dioxide  equilibrium  exists  between  arterial  blood  and 
alveolar  air  (pC02  [Blood]  —  pC02  [Air]  <  1  mm.). 

This  equilibrium  persists  even  with  wide  fluctuations  in 
the  rate  of  movement  of  air  through  the  lung.  But  the 
greater  the  volume  of  air  breathed,  the  lower  is  the  pres- 
sure of  carbon  dioxide  at  which  the  equilibrium  becomes 

33  Henderson  and  Cohn,  Proceedings  of  the  National  Academy  of 
Sciences,  II,  618  (1916). 
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adjusted.  In  acid  intoxication,  during  excessive  muscular 
work,  for  a  period  just  following  such  work,  and  under 
other  circumstances  when  neutralization  of  acid  has  re- 
duced the  concentration  of  bicarbonate  in  blood,  increased 
breathing  brings  about  a  parallel  reduction  in  pressure  of 
carbon  dioxide,  and  therefore  in  concentration  of  free 
carbonic  acid  in  the  blood.  Thus  by  physiological  control 
of  the  heterogeneous  equilibrium  between  blood  and  air, 
the  hydrogen  ion  concentration  of  blood  may  be  kept  con- 
stant and  is  ordinarily  kept  very  nearly  so.  For  example, 
while  in  the  moribund  the  normal  alkaline  reaction  of 
blood  plasma  (pH  =  7.4)  corresponding  to  a  ratio  of  free 
carbonic  acid  concentration  to  bicarbonate  concentration 
of  about  1 :  20  may  give  place  to  a  nearly  neutral  reaction 
(pH  =  7.0)  corresponding  to  a  ratio  of  1:  8,  in  a  healthy 
man  during  severe  exercise  the  change  will  be  much  less 
(pH  =  7.3)  and  the  ratio  will  be  about  1 :  16. 

The  effects  of  the  homogeneous  equilibrium,  of  the 
heterogeneous  equilibrium,  and  of  the  physiological  con- 
trol of  breathing  may  be  conveniently  illustrated  as  fol- 
lows :  Given  an  equilibrated  solution  of  carbonic  acid  and 
bicarbonate  for  which  k'  =  7.6  X  10~7,  in  which  the  ratio  of 
free  carbonic  acid  to  bicarbonate  is  1 :20  and  therefore  the 
hydrogen  ion  concentration  3.8  X  10"8N,  let  an  amount  of 
hydrochloric  acid  equivalent  to  one-half  the  amount  of 
dissolved  bicarbonate  be  added.  The  following  chemical 
reaction  will  take  place : 

BHC03  +  HC1  =  H2C03  +  BC1. 

If  no  carbon  dioxide  is  allowed  to  escape,  the  ratio  of  car- 
bonic acid  concentration  to  bicarbonate  concentration  will 
therefore  become  11 :  10  and  the  hydrogen  ion  concentra- 
tion 8.4  X  10~7N.  This  represents  the  homogeneous  buffer 
action  of  the  system.  Now  let  equilibrium  be  reestablished 
with  the  atmosphere  with  which  the  system  was  originally 
in  equilibrium.  Then  the  amount  of  free  carbonic  acid  in 
the  solution  will  fall,  in  relative  magnitude,  from  11  to  1, 
the  value  of  the  ratio  of  the  concentration  of  acid  to  that 
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of  salt  will  become  1 :  10  and  the  value  of  the  hydrogen 
ion  concentration  7.6  X  10_8N.  This  second  stage  corre- 
sponds to  the  heterogeneous  buffer  action  of  the  system. 
Finally  let  carbon  dioxide  escape  from  the  system  until 
the  pressure  of  carbon  dioxide  is  reduced  to  one-half  its 
former  value.  Then  the  ratio  of  acid  to  salt  concentration 
in  the  solution  will  become  0.5 :  10  or  1 :  20  and  the  hydro- 
gen ion  concentration  will  return  to  its  original  value  of 
3.8  X  10"7N.  This  corresponds  to  the  effect  of  the  physio- 
logical control  of  breathing. 

Under  these  circumstances  the  readjustment  of  the  hy- 
drogen ion  concentration  has  been  accomplished,  but  the 
carbonic  acid  content  of  the  solution  has  fallen  to  one- 
half  its  original  value.  Such  a  diminution,  or  an  even 
greater  one,  in  the  carbonic  acid  of  blood  is  common  un- 
der pathological  conditions,  though  at  this  level  the  hy- 
drogen ion  concentration  is  rarely  entirely  "compen- 
sated" or  restored  to  normal.  It  therefore  remains  to 
build  up  once  more  a  normal  concentration  of  bicarbonate 
and  with  it  of  free  carbonic  acid.  This  is  brought  about 
by  the  excretion  of  salts  of  ammonia  in  the  urine,  while  an 
equivalent  amount  of  base  is  retained  as  bicarbonate,  and 
by  the  simultaneous  excretion  of  acid  phosphate  in  place 
of  the  predominant  alkaline  phosphate  of  the  blood,  a 
heterogeneous  buffer  action  of  the  phosphates  which  also 
economizes  fixed  base.  In  man  the  end  products  of  me- 
tabolism are  chiefly  acid  and  the  process  of  regulation  of 
the  acid-base  equilibrium  of  blood  through  urine  forma- 
tion is  therefore  continuous. 

These  regulatory  activities  of  lungs  and  kidneys  raise 
an  interesting  physiological  question  which,  in  the  case 
of  the  lung,  has  been  much  discussed.  As  we  have  just 
seen,  it  is  the  changing  ventilation  of  the  lung  that  most 
directly  controls  the  acid-base  equilibrium  of  blood.  But 
how  is  the  ventilation  of  the  lung  controlled?  Manifestly 
by  varying  activity  of  the  respiratory  muscles.  And  how 
is  this  muscular  activity  controlled?  By  varying  stimuli 
from  the  respiratory  center  in  the  medulla.  And  how  are 


52  BLOOD 

these  stimuli  controlled?  By  the  varying  acid-base  equi- 
librium of  the  blood.  So  much  seems  clear,  and  we  thus 
have  a  good  example  of  an  organic  regulatory  process, 
since  variation  in  a  property  of  the  organism  has  given 
rise  to  a  complex  cycle  of  events  which  ends  in  the  rever- 
sal of  the  original  variation.  But  closer  scrutiny  leads  to 
difficulty,  possibly  because  this  scrutiny  has  been  followed 
by  asking  the  wrong  question.  It  has  been  in  fact  cus- 
tomary to  inquire  what  is  the  stimulus  of  respiration  that 
acts  upon  the  respiratory  center.  Miescher  first  answered 
that  the  stimulus  is  carbonic  acid.34  This  view  was  sup- 
ported, to  a  certain  extent,  by  Geppert  and  Zuntz35  and 
also  by  Haldane  and  Priestly.36  Later,  however,  Boycott 
and  Haldane37  reached  the  conclusion  that  the  respiratory 
center  responds  to  the  combined  effects  of  carbonic  acid 
and  other  acids  on  the  reaction  of  the  blood. 

When  the  theory  of  acid-base  equilibrium  had  been 
elaborated  in  the  manner  above  expounded,  it  became 
clear  that  no  choice  was  possible  between  a  number  of 
hypotheses.  Accordingly,  I  pointed  out  that  since  the  con- 
centrations of  free  carbonic  acid,  of  the  hydrogen  ion,  and 
of  the  hydroxyl  ion  are  not  independent  variables,  any 
one  of  them  might  be  the  stimulus  of  respiration,  but  that 
the  action  of  blood  upon  the  respiratory  center  might  also 
take  place  through  a  complicated  heterogeneous  equi- 
librium.38 

The  theory  that  the  hydrogen  ion  is  the  stimulus  of 
respiration  was  then  taken  up  by  Winterstein39  and  later 
by  Hasselbalch40  who  showed  that  under  certain  condi- 
tions the  facts  are  consistent  with  this  theory.  There  can, 

34  F.  Miescher-Riisch,  Archiv  fur  (Anatomie  und)  Physiologie,  p. 
355  (1885). 

35  Geppert  and  Zuntz,  P >fluger>s  Archiv,  XLII,  195,  209  (1888). 

36  Haldane  and  Priestly,  Journal  of  Physiology,  XXXII,  225  (1905). 

37  Boycott  and  Haldane,  Journal  of  Physiology,  XX VII,  365  (1908). 

38  L.  J.  Henderson,  Ergebnisse  der  Physiologie,  Jahrgang  VIII,  p. 
318  (1909). 

39  H.  Winterstein,  Pflilgers  Archiv,  CXXXVIII,  167  (1911). 

40  K.  A.  Hasselbalch,  Biochemische  Zeitschrift,  XLVII,  403  (1912). 
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indeed,  be  no  doubt  that  as  a  rule  the  hydrogen  ion  con- 
centration of  blood  is  regulated  with  truly  extraordinary 
accuracy  in  the  manner  above  described,  through  control 
of  the  partial  pressure  of  carbon  dioxide  in  alveolar  air. 

But  it  is  certain  that  other  factors  beside  the  hydrogen 
ion  concentration,  for  example,  body  temperature  or  oxy- 
gen want  are  sometimes  involved  in  the  control  of  breath- 
ing, and  lately  Gesell41  has  returned  to  the  theory  of  a 
complex  heterogeneous  equilibrium  between  the  proto- 
plasm of  the  cells  of  the  respiratory  center  and  the  blood. 
Naturally  such  a  theory  involves  both  experimental  and 
theoretical  difficulties,  but  though  still  inadequate,  it 
seems  to  be  more  in  agreement  with  the  description  of  the 
properties  of  blood  which  it  is  the  object  of  these  lectures 
to  present,  and  I  think  also  more  consistent  with  the  gen- 
eral characteristics  of  physiological  processes.  The  theory 
which  assumes  a  single  stimulus  seems  today  too  simple ; 
it  assumes  a  process  lacking  in  flexibility,  which  over- 
looks or  at  least  seems  to  disregard  the  dependence  of 
breathing  upon  a  great  many  factors,  and  the  organic 
harmony  which  subsists  among  them.  In  short,  if  I  am  not 
mistaken,  it  suffers  from  a  defect  that  Haldane,42  first 
among  our  contemporaries,  has  denounced  with  eloquence 
and  perspicacity.  I  cannot  resist  the  temptation  to  apply 
to  his  theory  his  own  criticism,  and  to  suggest  that  per- 
haps after  all  there  is  no  stimulus  of  respiration. 

In  the  absence  of  other  weak  acids  or  bases,  a  system 
containing  carbonic  acid  and  bicarbonate  is  incapable  of 
considerable  variation  in  total  carbonic  acid  content,  even 
when  the  partial  pressure  of  carbon  dioxide  is  allowed  to 
vary  widely.  Indeed,  only  the  free  carbonic  acid  of  the 
solution  varies  sensibly  under  these  circumstances  unless 
the  pressure  of  carbon  dioxide  falls  very  low  indeed,  and 
meantime  the  bicarbonate  concentration  may  be  regarded 
as  constant.  Such  is  the  condition,  approximately,  of  the 
natural  waters  of  the  earth,  though  here,  on  account  of 

41  R.  Gesell,  Physiological  Reviews,  V,  551  (1925). 

42  J.  S.  Haldane,  Mechanism,  Life  and  Personality,  London,  1914. 
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the  very  small  partial  pressure  of  carbon  dioxide,  the  fol- 
lowing buffer  reaction  cannot  be  neglected : 

H2C03  +  B2C03  —  2BHC03 . 

But  in  blood,  which  is  a  vehicle  for  the  transport  of  car- 
bonic acid,  conditions  are  less  simple.  In  this  case  the  pro- 
teins, which  are  also  weak  acids,  share  a  certain  portion 
of  the  base  of  the  blood  with  carbonic  acid.  Therefore 
as  carbon  dioxide  pressure  increases  and  'diminishes  in 
blood,  the  bicarbonate  of  blood  increases  and  diminishes, 
while  the  base  bound  by  protein  diminishes  and  increases. 
This  is  an  example  of  the  class  of  phenomena  known  as 
the  partition  of  strong  base  between  two  (or  more)  weak 
acids. 

The  simplest  important  case  of  this  class  of  phenomena 
occurring  in  the  organism  is  the  equilibrium  between  phos- 
phates and  bicarbonates,  which  was  long  ago  studied  by 
Black  and  myself.43  The  conditions  of  equilibrium  in  this 
system  may  be  easily  explained.  Let  there  be  present  in 
solution  the  four  substances  carbonic  acid,  sodium  bicar- 
bonate, monosodium  phosphate,  and  disodium  phosphate. 
We  have  as  before,  assuming  the  conditions  to  be  those 
of  blood  plasma, 

[H2C03] 


[H+]  =  7.6  X  10-7  X 


[NaHC03] 


and  similarly     [B>]  =  fc'H2Po4  X  [S^ffij  * 

therefore       Tfivin-w    [H2CQ3]    _  [NaH2PQ4] 

tneretore       Lb  X  10    X  [NaHCOa]  -  I  h2po4  X  [Na2HP0J 

[H2C03] 


[NaHCO,]    _    frH8P04      _ 
and  [NaH2POJ    -  TSXW  ~  C°nSt 

[NaJEPOJ 

In  dilute  solution  at  body  temperature  Black  and  I 
found  for  the  value  of  this  ratio  0.3,  whence  &'h2po4~  = 

43  Henderson  and  Black,  American  Journal  of  Physiology,  XVIII, 
250  (1907);  XXI,  420  (1908). 
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2.3  X  10"7.  As  the  ionic  strength  of  the  solution  varies, 
this  ratio  will  not  remain  constant,  but  will  be  affected 
with  a  small  variation  which  is  due  to  the  unequal  changes 
in  the  activity  coefficients  included  in  the  two  k'  terms. 
The  work  of  Cohn,44  already  mentioned,  takes  account  of 
these  variations  for  simple  phosphate  buffer  systems  at 
18°,  but  does  not  extend  beyond  these  to  body  tempera- 
ture. The  work  of  Black  and  myself,45  on  the  other  hand, 
was  too  early  to  take  account  of  the  developments  of  the 
theory  of  solution  of  the  past  twenty  years.  And  neither 
these  investigations  nor  those  of  S0rensen46  and  of  Mi- 
chaelis  and  Kriiger47  define  the  special  conditions  pecu- 
liar to  blood  and  protoplasm.  However,  the  value  k'  — 
2.3  X  10"7  for  blood  at  37°  is  certainly  a  close  approxima- 
tion to  the  exact  value,  and,  so  far  as  it  is  possible  to 
judge,  is  consistent  with  the  results  of  all  the  above-men- 
tioned investigators.  In  view  of  these  considerations  we 
may  make  use  of  the  relations  above  denned  as  a  means 
to  explain  a  simple  case  of  the  kind  of  reaction  which 
makes  possible  the  transport  of  large  quantities  of  car- 
bonic acid  in  blood  through  absorption  and  dissociation, 
to  use  the  conventional  physiological  terms.  This  is  the 
more  desirable  because  the  reaction  constitutes  an  ele- 
mentary ionic  equilibrium  of  protoplasm.48  It  is  relatively 
inconspicuous  in  blood,  since  most  blood  contains  only 
small  amounts  of  phosphate,  but  is  otherwise  one  of  the 
important  reactions  of  general  physiology. 

After  all,  the  highest  accuracy  is  perhaps  not  very  im- 
portant in  a  discussion  of  this  question,  for  the  general 
form  of  the  functions  involved  in  the  equilibrium  is  more 

44  E.  J.  Cohn,  Journal  of  the  American  Chemical  Society,  XLIX, 
173  (1927). 

45  Henderson  and  Black,  American  Journal  of  Physiology,  XXI,  420 
(1908). 

46  S.  P.  L.  S0rensen,  Biochemische  Zeitschrift,  XXI,  131  (1909) ; 
XXII,  352  (1909). 

47  Michaelis  and  Kriiger,  Biochemische  Zeitschrift,  CXIX,  307 
(1921). 

48  L.  J.  Henderson,  American  Journal  of  Physiology,  XXI,  427 
(1908). 
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to  the  point  than  the  exact  values  of  certain  variables.  No 
doubt  it  is  desirable  to  know  these  as  accurately  as  possi- 
ble, but  during  the  past  twenty  years,  while  estimates  of 
these  values  have  constantly  varied,  conclusions  based 
upon  the  more  general  characteristics  of  the  phenomena 
have  remained  unshaken.  As  an  illustration  of  these  char- 
acteristics we  may  consider  the  equilibrium  of  an  aqueous 
solution  in  which  the  conditions  of  ionization  resemble 
those  of  blood,  in  which  there  are  present  carbonic  acid, 
phosphoric  acid,  and  sodium  hydroxide,  in  which  there  is 
an  exchange  of  carbon  dioxide  with  an  atmosphere  where 
the  partial  pressure  of  carbon  dioxide  is  variable,  and  in 
which  finally,  while  the  concentration  of  carbonic  acid  is 
variable,  there  are  precisely  1.9  moles  of  sodium  hydrox- 
ide per  mole  of  phosphoric  acid.  A  simple  computation 
founded  upon  the  above-discussed  relations  and  constants 
yields  results  which  are  graphically  represented  in  figure 


/5 


| 
5 


1.0 


0.5 


\ 

iitiP 

3£Z 

hos££ 

0^ 

\ 

I 

0j 

QV*£. 

\ 

\ 

f<~  t 

*€* 

<$** 

o 

6.0     6J      6.Z     6.3      6.4     6.5     6.6     6J 

Fig.  5 


6.8     63     7.0     7J      7.2 


Buffer  Action  of  Bicarbonates  and  Phosphates 


ACID-BASE  EQUILIBRIUM  57 

5.  Here  the  relative  amounts  of  base  bound  by  phosphoric 
acid  and  by  carbonic  acid,  and  the  relative  amounts  of 
free  carbonic  acid  in  the  solution  are  presented  as  func- 
tions of  the  variable  pH.  These  variations  all  depend 
upon  variations  in  the  partial  pressure  of  carbon  dioxide 
in  the  atmosphere,  just  as  the  conditions  in  arterial  blood 
depend  upon  variations  of  the  partial  pressure  of  carbon 
dioxide  in  alveolar  air.  The  pressures  of  carbon  dioxide 
are  proportional  to  the  concentrations  of  free  carbonic 
acid  in  the  solution. 

Detailed  discussion  of  the  facts  represented  by  figure  5 
is  hardly  necessary.  Suffice  it  to  point  out,  firstly,  that  here 
the  concentrations  of  both  free  and  combined  carbonic 
acid  vary  widely  with  variations  in  the  pressure  of  carbon 
dioxide  and  that,  as  the  reaction  of  blood  is  approached, 
large  variations  in  the  concentration  of  combined  car- 
bonic acid  accompany  small  variations  in  the  partial 
pressure  of  the  gas ;  secondly,  that  the  buffer  action  of  the 
system  is  the  sum  of  the  buffer  actions  of  the  carbonates 
and  of  the  phosphates ;  and  finally  that  the  hydrogen  ion 
concentrations  at  which  the  changes  are  most  marked  are 
determined  by  the  values  of  h' ,  not  only  for  carbonic  acid, 
but  also  for  the  ion  H2P04".  With  another  weak  acid  for 
which  the  value  of  h'  is  different  the  changes  must  take 
place  at  a  different  hydrogen  ion  concentration,  but  in 
a  similar  manner.  It  will  also  be  readily  perceived  that 
with  varying  amounts  of  alkali  and  of  phosphoric  acid  the 
conditions  will  change  in  detail,  while  preserving  their 
general  characteristics. 

These  conclusions  are  all  implicit  in  the  equations 

LMj_7.bXlU     [NaHCOa]  -  «  X  10     [Na2Hpoj> 

which,  with  slight  differences  in  the  values  of  Tc',  I  origi- 
nally employed  in  working  out  the  relations,  and  it  may 
seem  trivial  or  fastidious  to  spend  so  much  time  on  such 
mere  implications  of  a  simple  law.  Yet  nothing  is  more 
dangerous  than  failure  to  take  account  of  the  most  obvi- 
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ous  implications  of  general  propositions,  and  nothing  is 
easier.  Especially  in  physiology,  where  the  particular 
characteristics  of  physical  and  chemical  phenomena  often 
assume  general  importance,  this  should  not  be  forgotten. 
Chemically  how  insignificant  are  those  properties  which 
give  physiological  importance  to  adrenaline  and  thyroxin, 
to  morphine  and  alcohol;  how  seemingly  trivial  a  physi- 
cal fact  is  the  solubility  of  carbon  dioxide  in  water ! 

In  order  to  facilitate  the  application  to  the  problems  of 
the  physiology  of  blood  of  these  considerations  of  the 
acid-base  equilibrium  between  carbonic  acid  and  another 
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Carbon  Dioxide  Dissociation  Curve  of  a  Simple  Solution 


weak  acid  in  a  heterogeneous  system,  the  relations  be- 
tween free  and  total  carbonic  acid,  together  with  the  ac- 
companying changes  in  base  bound  by  phosphate  are 
given  as  the  two  curves  of  figure  6.  Here,  as  with  the  ordi- 
nates  of  figure  5,  both  abscissas  and  ordinates  represent 
relative  concentrations.  The  first  mentioned  of  these  two 
curves  is  of  the  variety  known  to  physiologists  as  a  car- 
bon dioxide  dissociation  curve.  It  will  be  readily  recog- 
nized as  similar  to  the  carbon  dioxide  dissociation  curve 
of  blood,  such  differences  as  exist  being  due  to  differences 
in  concentration,  to  the  fact  that  the  proteins  are  weaker 


ACID-BASE  EQUILIBRIUM  59 

acids  than  the  ion  H2P04",  and  to  further  complications 
owing  to  the  fact  that  several  acid  radicals  of  the  blood 
proteins  are  simultaneously  engaged  in  the  process. 

In  sum  we  have  now  reached  the  conclusion  that  the 
study  of  the  simple  equation, 

rH+1  _  y    [H2CQ3] 
L±i  }-fc   [BHC03]> 

which  gives  in  a  close  approximation  the  facts  concerning 
the  state  of  carbonic  acid  and  its  salts  in  blood,  is  capable 
of  explaining  many  features  of  general  and  respiratory 
physiology.  Among  these  are  the  homogeneous  and  het- 
erogeneous buffer  action  of  carbonic  acid,  the  physiologi- 
cal regulation  of  the  alkalinity  of  blood  through  the  ac- 
tivity of  lungs  and  kidneys,  and  some  of  the  features  of 
acidosis.  When  the  same  approximation  is  also  applied  to 
other  weak  acids,  we  are  enabled  to  understand  the  na- 
ture of  the  process  by  which  carbonic  acid  is  absorbed  by 
blood  in  the  tissues  and  given  off  in  the  lungs.  This  de- 
scription of  the  facts,  a  quantitative  one,  also  enables  us 
to  estimate  the  efficiency  of  carbonic  acid  in  some  of  these 
physiological  functions,  and  to  draw  the  conclusions  that 
for  such  purposes  its  properties  are,  on  the  whole,  unsur- 
passed and  almost  unequalled  by  any  other  substance.49 
Nevertheless  it  would  be  an  error  to  suppose  that  we  have 
already  exhaustively  analyzed  all  features  of  these 
physiological  functions.  Not  only  are  such  activities  far 
more  intricate  in  their  ramifications  than  the  present  dis- 
cussion suggests,  but  in  the  conditions  of  equilibrium  be- 
tween red  cells  and  plasma,  and  of  the  peculiar  activity 
of  hemoglobin  there  may  be  recognized  laws  of  which  we 
have  not  yet  taken  account.  Moreover  the  specific  proper- 
ties of  the  acid-base  equilibrium  of  the  proteins  also  have 
to  be  studied  if  we  are  to  arrive  at  an  exact  estimate  of 
the  conditions  in  blood.  Accordingly  we  must  now  pass  on 
to  the  proteins  of  blood  and  to  the  dissociation  curves  of 
the  physiologists. 

49  L.   J.   Henderson,   American  Journal   of  Physiology,   XXI,    173 
(1908). 


CHAPTER  IV 
DISSOCIATION  CURVES 

PHYSIOLOGISTS  have  long  believed50  that  the 
proteins  of  blood  combine  with  base,  that  the  quan- 
tity of  base  thus  bound  is  variable,  and  that  this 
combination  takes  part  in  the  transport  of  carbonic  acid, 
through  changes  in  the  equilibrium  of  the  reaction, 

BP  +  H2C03  ^±  HP  +  BHCO3. 

Until  modern  physico-chemical  methods  could  be  applied 
to  the  study  of  this  problem  and  the  results  interpreted 
by  means  of  the  theory  of  acid-base  equilibrium,  it  re- 
mained, nevertheless,  impossible  to  determine  the  facts 
quantitatively,  and  thus  to  understand  the  process  clearly. 
In  particular,  since  proteins  are  likewise  able,  under  suit- 
able conditions,  to  form  dissociable  salts  (i.e.,  bicarbon- 
ates)  with  carbonic  acid,  it  was  long  uncertain  how  far 
this  reaction  also  might  take  part  in  the  absorption  and 
escape  of  carbonic  acid.  And  there  were  many  other  diffi- 
culties. At  length  the  necessary  measurements  have  been 
made,  the  data  interpreted,  and  a  close  approximation  to 
an  exact  description  of  the  role  of  the  proteins  may  now 
be  undertaken. 

Unlike  solutions  of  carbonic  and  phosphoric  acids,  un- 
der the  conditions  existing  in  blood  each  molecule  of  the 
blood  proteins  possesses  several  acid  radicals  which  are 
of  such  strength  that  they  are  incompletely  ionized.51 

60  N.  Zuntz,  Hermann's  Handbuch  der  Physiologie,  vol.  IV,  pt.  2,  p. 
65  (1882). 

51  T.  B.  Osborne,  The  Vegetable  Proteins,  2d  ed.,  chap.  V,  London, 
1924. 
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These  radicals  therefore  take  part  in  the  acid-base  equi- 
librium of  blood  and  compete  with  carbonic  acid  for  base. 
In  approaching  the  study  of  this  question,  we  may  first 
consider  the  case  of  a  number  of  simple  monobasic  acids, 
HAi,  HAn,  .  .  .  HAn,  all  of  which  obey  the  law  of  acid- 
base  equilibrium  in  blood  discussed  in  the  last  chapter. 
Here  we  shall  have 

LttJ-/Ci[BAi]-/£2[BAn]-    .    .    .    ~^n[BAn]        V    ) 

Let  there  be  five  such  acids,  all  present  in  a  solution  in 
equal  concentration,  so  as  to  correspond  with  the  case  of 
a  polybasic  protein,  and  let  the  Jc'  values  be  8  X  10"8, 
4  X  10-8,  2  X  10-8,  1  X  10-8,  and  5  X  10"9.  Then  the  titra- 
tion curve  for  the  solution  may  be  calculated.  The  results 
of  this  calculation  are  given  in  table  1,  which  includes 

values  of  pH,  of  [H+],  of  R  =  and  of  [BA]  for  each 

[BA] 

acid  and  of  2[BA],  which  is  the  burette  reading  for  each 
stage  of  the  titration. 
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The  corresponding  titration  curve  is  drawn  on  figure  7. 
For  comparison  the  calculated  course  of  the  titration  of 
an  acid  solution  of  equal  total  acid  concentration,  but  con- 
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Fig.  7 
Titration  Curves  of  Mixtures  and  Single  Acids 
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taining  only  one  acid,  for  which  h'  =  2  X  10~8,  is  given.  It 
will  be  seen  that  the  characteristic  S-shape  of  the  latter 
curve  is  much  modified  in  the  titration  curve  of  the  mix- 
ture of  acids.  This  curve,  throughout  a  wide  range  of 
values  of  pH,  roughly  approximates  to  a  straight  line. 

In  general  such  composite  titration  curves,  represent- 
ing the  overlapping  buffer  actions  of  several  acid  radi- 
cals, are  relatively  straight  and  often  very  nearly  so, 
through  a  considerable  range  of  hydrogen  ion  concentra- 
tion. They  possess  minor  sinuosities,  according  to  the 
number  and  magnitudes  of  the  different  values  of  kr  which 
are  involved.  But  under  favorable  circumstances  and  for 
ranges  of  hydrogen  ion  concentration  that  are  not  very 
large,  say  ApH  <  1.5,  a  satisfactory  approximation  to  a 
linear  relation  between  values  of  2[BA]  and  values  of  pH 
may  be  often  expected. 

As  conditions  become  more  complex,  the  validity  of  the 
simplifying  assumptions  which  are  implicit  in  the  present 
theoretical  discussions  becomes  increasingly  uncertain.52 
Accordingly  the  application  of  this  last  result  to  the  poly- 
basic  protein  molecule  presents  theoretical  difficulties. 
Nevertheless  it  is  a  fact  that  the  titration  curves  of  pro- 
teins, as  experimentally  determined,  possess  the  charac- 
teristics that  have  just  been  described.  As  an  example  of 
the  experimentally  determined  behavior  of  a  protein  we 
may  take  measurements  of  the  titration  curve  of  serum 
albumin.53  Throughout  a  range  of  reaction  equal  to  that 
represented  by  figure  7  the  titration  curve  is  nearly  a 
straight  line. 

The  behavior  of  the  proteins  of  blood  as  acids  binding 
base  has  been  measured  by  Van  Slyke,  Wu,  and  McLean54 
and  by  Hastings  and  Harington.55  They  find  that  within 

52  E.  J.  Cohn,  Physiological  Reviews,  V,  376  (1925). 

53  Ibid.,  p.  380  (1925). 

54  Van  Slyke,  Wu,  and  McLean,  Journal  of  Biological  Chemistry, 
LVI,  765  (1923). 

55  Hastings,  Van  Slyke,  Neill,  Heidelberger,  and  Harington,  Journal 
of  Biological  Chemistry,  LX,  89  (1924). 
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the  ranges  of  hydrogen  ion  concentration  which  have  to 
be  taken  into  account  in  physiological  studies  S[BA]  is  a 
nearly  linear  function  of  pH  for  the  serum  proteins,  for 
hemoglobin,  and  for  oxyhemoglobin.  The  properties  of 
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Fig.  8 
Titration  Curve  of  Serum  Albumin 
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these  three  substances  are  expressed  by  the  following 
equations : 

[BP]S  =  0.068  [P]s  (pH  -  4.80),  (2) 

[BP]„b02  =  0.216  [Hb02]  (pH  -  6.60),  (3) 

[BP]Hb  =  0.200  [Hb]  (pH  -  6.74).  (4) 

Here  the  BP  terms  represent  millimoles  of  base  bound  by 
serum  proteins,  oxyhemoglobin,  and  reduced  hemoglobin, 
[P]s  stands  for  concentration,  in  grams,  of  serum  pro- 
teins and  [Hb02]  and  [Hb]  for  concentrations,  in  grams, 
of  oxyhemoglobin  and  of  reduced  hemoglobin.  Obviously 
the  constants  4.80,  6.60,  and  6.74  represent  the  values  of 
pH  at  which  the  proteins  bind  no  base  (roughly  the  iso- 
electric points).56  The  other  three  numerical  constants  are 
related  to  the  values  of  k',  but  also  to  the  number  of  acid 
radicals  involved  in  the  neutralization  of  base.  These 
numbers  measure  the  buffer  values,  per  gram  of  protein, 
for  the  three  cases,  since 

^J||^  =  0.068  [P]8,  (5) 

il|^02 .=  0  216  [Hb02],  (6) 

d  ^j"*  =  0.200  [Hb].  (7) 

dpH 

It  will  be  seen  that  the  buffer  values  per  gram  of  the 
hemoglobins  are  about  three  times  as  great  as  those  of 
serum  proteins.  Since  normal  human  blood  contains  about 
three  times  as  much  hemoglobin  as  serum  protein,  it  fol- 
lows that  the  buffer  value  of  hemoglobin  in  blood  is  al- 
most ten  times  as  great  as  that  of  the  serum  proteins. 
This  deduction  is  confirmed  by  the  experiments  of  Hen- 
derson, Bock,  Field,  and  Stoddard57  and  by  many  later 

66  E.  J.  Cohn,  Physiological  Reviews,  V,  395  (1925). 
57  Henderson,   Bock,    Field,    and    Stoddard,   Journal   of   Biological 
Chemistry,  LIX,  379  (1924). 
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studies  all  of  which  involve  measurements  of  the  proper- 
ties of  whole  blood,  of  red  cells,  and  of  plasma,  and  are 
therefore  independent  of  the  above  estimates.  In  the  par- 
ticular specimen  of  blood  employed  for  our  earliest  ex- 
periments the  buffer  value  of  the  hemoglobin  of  the  blood 
was  between  eight  and  nine  times  as  great  as  that  of  the 
serum  proteins.  This  ratio  varies  with  variation  of  the 
ratio  of  Pc :  Ps .  The  actual  buffer  changes  of  the  respira- 
tory cycle  also  depend,  as  we  shall  see,  upon  the  peculiari- 
ties of  the  heterogeneous  equilibrium  between  cells  and 
plasma.  This  buffer  action  of  hemoglobin,  within  the 
physiological  ranges  of  hydrogen  ion  concentration,  is  not 
only  greater  than  that  of  the  serum  proteins  but  also  ex- 
ceptional among  proteins  in  general.  It  is  to  be  regarded 
as  a  well-marked  adaptation. 

Equations  3,  4,  6,  and  7  show  that  the  acid  properties 
of  oxyhemoglobin  and  of  reduced  hemoglobin  are  not 
identical.  We  shall  return  to  the  consideration  of  this 
fact. 

Only  on  the  acid  side  of  its  isoelectric  point  does  a  pro- 
tein combine  with  large  quantities  of  acid.  As  equations 
2,  3,  and  4  show,  these  points  fall  for  serum  proteins,  oxy- 
hemoglobin, and  reduced  hemoglobin  near  the  pH  values 
4.80,  6.60,  and  6.74  respectively.  Therefore  the  union  of 
carbonic  acid  with  the  proteins  of  blood  is  certainly  small. 
In  the  case  of  hemoglobin  it  is,  however,  probably  not 
negligibly  small,  for  at  the  isoelectric  point  this  substance, 
whether  in  the  reduced  or  the  oxygenated  state,  seems  to 
bind  measurable  amounts  of  both  base  and  acid.  There- 
fore there  probably  exists  in  blood  a  small  amount  of 
hemoglobin  bicarbonate  and,  of  course,  a  larger  amount  of 
the  chloride  of  hemoglobin.  But  since,  for  many  purposes, 
union  of  acid  with  a  basic  radical  for  which  p&'  =  a  is 
equivalent  to  union  of  base  with  an  acid  radical  for  which 
pft'  =  14  —  a,  we  may  neglect  this  complication. 

We  shall  now  undertake  a  detailed  consideration  of  the 
equilibrium  between  base,  the  proteins  of  blood,  and  car- 
bonic acid.  It  will  be  convenient  to  begin  with  the  equi- 
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librium  between  base,  serum  proteins,  and  carbonic  acid. 
Let  there  be  present  in  a  solution  approximately  that 
amount  of  base  which  is  ordinarily  distributed  between 
carbonic  acid  and  serum  proteins  in  normal  blood,  say  30 
millimoles  per  liter,  let  the  serum  proteins  amount  to  50 
grams  per  liter,  and  let  the  pressure  of  carbon  dioxide  be 
variable.  The  temperature  is  37°.  Then  from  the  facts 
above  discussed  we  may  deduce  the  values  of  table  2.  The 
two  last  rows  of  table  2  include  the  data  necessary  for  the 
construction  of  a  carbon  dioxide  dissociation  curve  of  the 
system. 


TABLE  2. 


pH  6.61 

[BP]    6.1 

[BHCCy    23.9 

K-[BHC03]   "'  1,d 

[H2C03]     7.97 

Total  CO.    31.9 


6.83 

7.12 

7.42 

7.61 

7.83 

8.12 

6.9 

7.9 

8.9 

9.6 

10.25 

10.7 

23.1 

22.1 

21.1 

20.4 

19.75 

19.3 

1:5 

1:10 

1:20 

1:30 

1:50 

1:100 

4.62 

2.21 

1.05 

0.68 

0.395 

0.193 

27.7 

24.3 

22.2 

21.1 

20.2 

19.5 

Next  we  may  take  the  case  of  hemoglobin,  carbonic  acid, 
and  base.  We  now  choose  the  concentration  of  total  base 
as  43  millimoles  per  liter,  a  fair  value  for  the  sum  of  the 
base  distributed  between  hemoglobin  and  carbonic  acid 
in  normal  arterial  blood,  the  concentration  of  hemoglo- 
bin as  147  grams  per  liter.  The  other  conditions  are  un- 
modified. Calculation  gives  table  3.  It  will  be  seen  that 
table  3  must  yield  a  dissociation  curve  of  quite  a  different 
character  from  that  of  table  2. 


pH  7.12 

[BP]    7.8 

[BHC03]    35.2 

p_  [H2CQ3] 

R"[BHC03]    ••"  1'10 

[H2C03]     3.52 

Total  C02    38.7 


TABLE  3. 

7.24       7.42 

7.61 

7.83 

7.95 

13.0        20.5 

28.2 

36.2 

42.6 

30.0        22.5 

14.8 

6.8 

0.4 

3 :40       1 :20 

1:30 

1:50 

1:67 

2.24       1.125 

0.493 

0.136 

0.006 

32.2       23.6 

15.3 

6.9 

0.4 
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Finally  we  may  take  the  case  of  all  the  proteins  of  nor- 
mal blood  plus  carbonic  acid  and  base.  We  now  select  53 
millimoles  of  base,  50  grams  of  serum  protein,  and  147 
grams  of  oxyhemoglobin  as  the  concentrations  per  liter. 
The  system  corresponds  to  blood,  except  that  the  solution 
is  homogeneous.  The  results  of  the  ensuing  calculation 
are  given  by  table  4. 


TABLE  4. 


pH   6.61 

[BP]    6.5 

[BHCOJ    46.5 

B=  [H*C°*]     .  1:3 
[BHC08] 

[H2C03]     ."...  15.5 

Total  C02    ....  62.0 


6.83 
14.1 
38.9 


7.12 
24.5 

28.5 


7.42 
35.2 

17.8 


7.61 
41.7 
11.3 


7.78      2.85 
46.7      31.4 


0.89 
18.7 


0.377 
11.7 


7.83 
49.4 
3.6 


1:5        1:10      1:20      1:30        1:50 


0.072 
3.7 


7.90 
52.0 
1.0 

1:59 

0.017 
1.0 
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Carbon  Dioxide  Dissociation  Curves  of  Constituents  of  Blood 


70  BLOOD 

The  carbonic  acid  dissociation  curves  obtained  from 
these  three  tables  are  represented  on  figure  9,  together 
with  the  curve  of  the  blood  of  A.V.B.  The  similarity  be- 
tween the  curve  for  normal  blood  and  that  for  a  solution 
of  hemoglobin  plus  serum  proteins  is  plain.  The  curve  of 
the  hemoglobin  solution  is  also  similar  to  that  of  blood, 
the  curve  of  the  solution  of  serum  proteins  much  less  so. 
But  this  curve  closely  resembles  that  of  normal  blood 
serum. 

These  simple  instances  are  sufficient  to  show  that  the 
acid-base  equilibrium  of  the  proteins  of  blood,  especially 
that  of  hemoglobin,  determines  the  character  of  the  car- 
bon dioxide  dissociation  curves,  at  least  for  the  case  of 
normal  blood,  and  makes  possible  the  transport  of  car- 
bonic acid. 

The  carbon  dioxide  dissociation  curve  of  blood  is,  how- 
ever, subject  to  variation.  In  a  normal  man  it  may  be  con- 
siderably lower  during  and  after  heavy  work.  Pathologi- 
cal changes  are  still  greater.  Thus  in  severe  acidosis  the 
curve  is  greatly  lowered,  in  pernicious  anemia  slightly 
raised  but  greatly  flattened,  in  certain  forms  of  nephritis 
both  lowered  and  flattened.  There  are  also  marked  differ- 
ences between  different  species  of  animals.  For  pathologi- 
cal conditions  a  large  amount  of  information  on  this  point 
may  be  found  in  a  paper  by  Peters.58  My  collaborators  at 
the  Massachusetts  General  Hospital  have  also  accumu- 
lated many  measurements  which  are  in  course  of  publica- 
tion.59 All  such  changes  may  be  imitated  very  closely  by 
varying  the  amounts  of  base  and  of  oxyhemoglobin  in  a  so- 
lution like  that  described  by  table  3.  For  example,  a  small 
diminution  in  the  amount  of  base  will  give  a  curve  re- 
sembling that  of  the  state  of  hard  work,  while  a  greater 
diminution  leads  to  conditions  resembling  severe  acidosis. 
Diminution  of  oxyhemoglobin  leads  to  conditions  resem- 
bling those  observed  in  the  blood  of  pernicious  anemia, 

58  Peters,  Eisenman,  and  Bulger,  Journal  of  Biological  Chemistry, 
LV,  709  (1923). 

69  Journal  of  Biological  Chemistry,  1924  and  following  years. 
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diminution  of  both  base  and  oxyhemoglobin  to  conditions 
similar  to  those  of  nephritis.  In  all  such  changes  the 
serum  proteins  are  of  secondary  importance,  on  account 
of  their  relatively  low  buffer  value  and  relatively  low  con- 
centration, but  if  the  concentration  of  serum  protein  also 
be  allowed  to  vary,  somewhat  closer  approximations  to 
the  different  blood  curves  may  be  obtained. 

In  these  cases  the  artificial  solutions  not  only  yield 
curves  which  closely  resemble  those  of  blood,  but  also  con- 
tain, in  the  same  concentrations,  the  same  substances  that 
are  present  in  blood.  Thus  proof  is  complete  that  the  sys- 
tem above  described  gives,  to  a  rough  approximation,  a 
true  model  of  the  changes  in  blood  which  are  represented 
by  the  carbon  dioxide  dissociation  curves.  Nevertheless, 
small  but  unmistakable  differences  always  subsist  be- 
tween the  dissociation  curves  of  such  artificial  systems 
and  those  of  blood.  These  differences  may  be  due  in  part 
to  variations  in  activity  coefficients  and  to  the  presence 
of  neglected  buffer  substances  such  as  phosphates,  but 
they  are  chiefly  the  result  of  the  existence  in  blood  of  two 
phases,  cells  and  plasma.  Under  conditions  to  be  found  in 
the  organism  none  of  the  substances  which  take  part  in 
the  acid-base  equilibrium,  except  free  carbonic  acid,  oc- 
curs in  even  approximately  the  same  concentration  in  the 
two  phases,  while  in  the  case  of  the  proteins  there  is  not 
only  a  great  difference  in  concentration,  but  also,  as  we 
have  just  seen,  in  chemical  properties,  between  the  con- 
stituents of  the  two  phases. 

Before  undertaking  a  quantitative  and  theoretical  con- 
sideration of  this  heterogeneous  equilibrium,  it  will  be 
convenient  to  examine  the  general  characteristics  of  both 
the  carbon  dioxide  and  the  oxygen  dissociation  curves  of 
blood,  a  topic  which  has  long  engaged  the  attention  of 
physiologists.  The  carbon  dioxide  dissociation  curve  of 
the  oxygenated  blood  of  a  normal  man  at  rest60  is  given 

60  Bock,  Field,  and  Adair,  Journal  of  Biological  Chemistry,  LIX, 
371  (1924). 
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on  figure  10.  This  is  a  smooth  curve,  approximately  loga- 
rithmic in  form.  It  will  be  seen  that  there  is  no  upper  limit 
to  the  increase  of  the  total  carbonic  acid  of  blood  with  in- 
crease in  pressure  of  carbon  dioxide.  This  property  of 
the  curve  is  due  to  two  facts.  First,  in  accordance  with 
Henry's  law,  the  free  carbonic  acid  dissolved  in  blood  in- 
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Fig.  10 
Carbon  Dioxide  Dissociation  Curve  of  Oxygenated  Blood 


creases  in  due  proportion  as  gas  pressure  increases.  Sec- 
ondly, there  is  practically  no  limit,  in  normal  blood,  to  the 
chemical  reaction  by  which  bicarbonate  is  formed  as  pres- 
sure increases,  since  the  hydrogen  ion  concentration 
never  rises  high  enough  to  exhaust  the  buffer  action  of 
the  blood  proteins. 

When  the  partial  pressure  of  carbon  dioxide  falls  to  0, 
the  blood  loses  all  its  carbonic  acid,  free  and  combined. 
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This  is  always  true  of  normal  human  blood,  because  there 
is  always  more  than  enough  protein  to  take  up  all  the 
base  bound  by  carbonic  acid.  For  separated  serum,  how- 
ever, this  is  not  the  case.  In  sum,  the  carbon  dioxide  dis- 
sociation curve  of  blood  expresses  the  net  result  of  all  the 
processes  which  have  just  been  analyzed. 

Oxygen  is  absorbed  by  blood  in  small  amounts  as  free 
dissolved  oxygen  and  otherwise  exclusively  as  the  com- 
pound oxyhemoglobin,  formed  by  chemical  reaction  be- 
tween hemoglobin  and  oxygen.  This  reaction  has  been  the 
subject  of  many  investigations,  but  is  not  yet  well  under- 
stood either  chemically  or  physico-chemically.  For  a  pure 
dilute  solution  of  hemoglobin  the  oxygen  dissociation 
curve  was  formerly  believed  to  bear  some  resemblance  to 
a  curve  defined  by  the  equation, 

_[Hbl       Q 
*~  [Hb02]  pU2' 

which  expresses  the  condition  for  equilibrium  in  the 
chemical  reaction, 

Hb02^±Hb  +  02. 

However,  it  is  difficult  to  find  hemoglobin  solutions  which 
fit  this  condition  over  a  wide  range  of  oxygen  pressure, 
and  experimental  work  with  pure  hemoglobin  is  very 
troublesome  on  account  of  the  formation  of  methemoglo- 
bin  and  for  other  reasons.  Also  the  shape  of  the  curve  is 
greatly  modified,  as  Barcroft's  numerous  experiments 
have  shown,61  when  the  concentrations  of  electrolytes  in 
the  solution  are  varied.  Finally,  as  we  have  already  seen, 
there  is  evidence  that  the  true  reaction  between  oxygen 
and  hemoglobin  is 

Hb408  — Hb4  +  402, 
corresponding  to  a  molecular  weight  of  67,000  for  hemo- 

61  J.  Barcroft,  Tine  Bespiratory  Function  of  the  Blood,  1st  ed.,  chap. 
IV,  Cambridge,  England,  1914. 
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globin.  Such  complications  arising  in  the  study  of  this  re- 
action are  far  from  surprising,  since  there  is  reason  to 
expect  the  true  thermodynamic  concentrations  of  the  sub- 
stances concerned  to  vary  with  the  conditions  in  a  man- 
ner which  escapes  our  present  theoretical  interpretations. 
We  do  know,  moreover,  that  even  in  well-buffered  hemo- 
globin solutions  there  occurs  a  change  in  hydrogen  ion 
concentration  accompanying  change  in  oxygenation  and 
this  alone  must  be  enough  to  produce  a  modification  of 
the  oxygen  dissociation  curves. 

The  real  physiological  phenomenon  is,  moreover,  a  less 
simple  physico-chemical  process,  and  we  may  well,  for 
the  present  purpose,  confine  ourselves  to  the  facts.  It  is 
a  source  of  regret  that  the  chemical  reaction  between  oxy- 
gen and  hemoglobin  cannot  be  more  satisfactorily  de- 
scribed, but  we  shall  find  that  lack  of  success  at  this  point 
causes  little  inconvenience  in  the  study  of  physiological 
problems. 

In  blood  the  conditions  are  approximately  represented 
by  Hill 's  equation, 

fc-    [Hb]        Qn 
*  ~"  [Hb02]    pU*  * 

Here  the  value  of  n,  always  much  larger  than  one,  is  a 
variable  with  a  characteristic  value  for  each  specimen  of 
blood.  But  even  this  relation  is  not  entirely  satisfactory, 

for  if  values  of  the  logarithm  of  the  quantity 

[Hb02] 

be  plotted  against  values  of  log  p02  the  result  is  not  a 
straight  line,  as  it  should  be  if  the  approximation  were 
sufficiently  precise.  It  is,  however,  possible  to  express  the 
conditions  accurately  by  graphical  methods,  and,  in  order 
to  begin  a  discussion  of  the  facts,  we  may  consider  four 
curves  which  present  the  results  of  Green  and  Ferry62  and 
of  Bock,  Field  and  Adair.63 

62  Unpublished  work. 

63  Bock,  Field,  and  Adair,  Journal  of  Biological  Chemistry,  LIX,  353 
(1924). 
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Unlike  the  acid-base  equilibrium  in  its  simple  features, 
which  we  have  seen  to  be  common  to  all  natural  waters, 
and  unlike  conditions  of  carbonic  acid  transport,  which  in 
general  characteristics  we  have  seen  to  be  common  to  all 
protoplasm,  the  conditions  defined  by  these  curves  consti- 
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Fig.  11 
Oxygen  Dissociation  Curves 


tute  a  special  functional  adaptation.  These  conditions  de- 
pend upon  the  properties  of  hemoglobin  as  they  manifest 
themselves  in  the  blood,  and  these  properties  alone  make 
possible  the  transport  of  large  quantities  of  oxygen  from 
lungs  to  tissues.  A  carbon  dioxide  dissociation  curve  simi- 
lar to  that  of  blood,  though  representing  a  less  efficient 
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transport  of  carbonic  acid,  is  no  less  inevitable  than  a 
well-buffered  hydrogen  ion  concentration  near  the  neutral 
point.  Both  the  curve  and  the  buffering  depend  upon 
properties  of  substances  common  to  all  protoplasm  and, 
with  rare  exceptions,  to  all  liquids  of  the  organism.  On 
the  contrary,  the  oxygen  dissociation  curve  expresses  the 
properties  of  the  specialized  substance,  hemoglobin. 

There  are  many  contrasts  between  the  state  of  oxygen 
and  the  state  of  carbonic  acid  in  blood.  Oxygen  is  bound 
by  a  single  substance  present  only  in  the  cells,  but  car- 
bonic acid  combines  as  bicarbonate  with  the  base  of  both 
cells  and  plasma.  The  difference  between  the  oxygen  con- 
tent of  arterial  blood  and  that  of  venous  blood  is  great 
compared  with  the  total  amount  of  oxygen  present  in  the 
blood,  but  for  carbonic  acid  the  corresponding  difference 
is  relatively  small.  The  capacity  of  blood  to  combine  with 
oxygen  is  limited  by  its  hemoglobin  content,  and  arterial 
blood  is  in  fact  nearly  saturated  with  oxygen.  But  the 
capacity  of  blood  to  combine  with  carbonic  acid  has  no 
definite  limit  and,  as  the  pressure  of  carbon  dioxide  rises, 
combined  carbonic  acid  may,  therefore,  increase  almost 
indefinitely.  Thus,  while  blood  may  be  easily  saturated 
with  oxygen,  the  concept  of  blood  saturated  with  carbonic 
acid  is  meaningless.  As  we  have  seen,  carbonic  acid,  both 
free  and  combined,  possesses  other  important  properties 
in  addition  to  its  respiratory  function.  Oxygen,  however, 
which  is  present  in  the  plasma  only  in  low  concentration 
in  solution  in  the  free  state  is  but  indirectly  involved  in 
the  other  physiological  functions  of  blood. 

On  account  of  greater  solubility,  the  concentration  of 
free  carbonic  acid  in  blood  is  very  much  greater  than  the 
concentration  of  free  oxygen.  The  concentration  of  com- 
bined carbonic  acid  is  also  greater  than  the  concentration 
of  combined  oxygen.  In  spite  of  these  differences  the  ab- 
sorption curves  of  the  two  substances  are  not  altogether 
dissimilar.  The  oxygen  curve,  however,  becomes  almost 
horizontal  in  its  upper  ranges,  while  the  carbon  dioxide 
curve  approaches  very  slowly  an  inclined  straight  line. 
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Also,  the  lower  portion  of  the  oxygen  curve  is  S-shaped 
while  the  carbon  dioxide  curve  is  everywhere  convex  up- 
ward. 

The  forms  of  these  curves  aid  in  understanding  the 
physiological  functions  of  the  blood.  In  the  case  of  oxygen 
it  is  the  upper  nearly  horizontal  portion  of  the  curve 
which  is  important  in  the  lung.  Evidently,  even  though 
alveolar  oxygen  pressure  may  vary  widely  under  differ- 
ent circumstances,  nearly  complete  saturation  of  the 
blood  with  oxygen  is  assured.  A  lower  portion  of  the 
curve,  approaching  the  vertical,  represents  conditions 
which  exist  in  the  tissues,  especially  where  oxygen  re- 
quirements are  high.  Under  these  circumstances  the  head 
of  oxygen  pressure  may  remain  appreciable  until  almost 
all  the  combined  oxygen  has  been  used  up.  When  the  oxy- 
gen content  of  blood  falls  very  low,  the  S-shape  of  the 
curve  must  be  important.  In  the  case  of  carbonic  acid  the 
conditions  for  arterial  and  venous  blood  are  but  slightly 
different.  Yet  the  same  differences  in  the  slope  of  the 
curve  in  reverse  order  do  exist. 

It  is  convenient  as  a  means  of  summing  up  all  these 
facts  to  represent  the  two  curves  on  the  same  figure  and 
on  the  same  scale.  This  has  been  done  in  figure  12.  The 
curves  (straight  lines)  for  free  oxygen  and  free  carbonic 
acid  are  also  given.  Small  rectangles  have  been  added  to 
enclose  the  fields  of  variation  of  oxygen  and  carbon  di- 
oxide pressures  for  the  blood  of  A.V.B.  at  rest.  It  is  easy 
to  see  from  figure  12  that  the  convention  according  to 
which  different  units  are  employed  in  the  representation 
of  the  two  absorption  curves  has  obscured  important 
physiological  relations. 

The  altitudes  of  the  two  rectangles  of  figure  12  show 
that  for  these  curves  the  difference  in  absorbed  carbonic 
acid  corresponding  to  the  ordinary  difference  in  carbon 
dioxide  pressure  between  arterial  and  venous  blood  is 
only  about  one-half  the  corresponding  difference  in  the 
case  of  oxygen.  But  this  is  manifestly  impossible,  for  it 
implies  a  respiratory  quotient  of  only  0.5,  instead  of  the 
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correct  value,  0.8.  This  paradox,  like  others  depending 
upon  the  same  fact,  has  long  been  more  or  less  apparent 
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Carbon  Dioxide  and  Oxygen  Dissociation  Curves 
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and  might  have  pointed  the  way  to  progress.  But  its 
meaning  was  not  clearly  grasped  until  experiment  had 
brought  forth  new  developments. 

From  the  standpoint  of  the  physiologist  the  conclusions 
which  we  have  reached  in  this  discussion  of  the  absorp- 
tion curves  are  but  half  truths  because,  in  addition  to  all 
the  other  phenomena,  an  interaction  between  oxygen  and 
carbonic  acid  takes  place  in  blood.  Long  ago  it  was  proved 
by  Bohr,  Hasselbalch,  and  Krogh  that  increase  in  con- 
centration of  free  carbonic  acid  is  accompanied  by  disso- 
ciation of  oxyhemoglobin.  The  process  was  later  carefully 
studied  by  Barcroft  who  confirmed  the  earlier  observa- 
tions and  defined  the  equilibrium  under  widely  varying 
conditions.  The  phenomenon  is  best  illustrated  by  means 
of  oxygen  dissociation  curves  of  the  same  blood  at  several 
different  pressures  of  carbon  dioxide. 

On  figure  13  four  oxygen  dissociation  curves  of  the 
blood  of  A.V.B.  are  drawn.  Reading  from  left  to  right, 
they  correspond  to  partial  pressures  of  carbon  dioxide  of 
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3,  20,  40,  and  80  mm.  respectively.  These  curves  are  all 
similar,  and  all  roughly  approximate  to  curves  of  Hill's 
equation, 

*  ~  [Hb02]    pU2  ' 

The  values  of  h  are,  however,  different  from  curve  to 
curve  and  k  is  approximately  a  linear  function  of  carbon 
dioxide  pressure : 

&  =  a-pC02  +  6. 

Therefore  the  facts  represented  by  the  family  of  oxygen 
dissociation  curves  may  also  be  represented  by  an  equa- 
tion of  the  form, 

a-pC0>+6=TM§rp0'n- 

This  is,  indeed,  a  rough  approximation.  But  it  will  serve, 
since  it  includes  all  the  relevant  variables  for  the  case  of 
a  single  specimen  of  blood.  Needless  to  say,  it  would  be 
possible  to  fit  the  curves  with  an  equation  as  closely  as 
experimental  precision  permits,  but  this  is  unnecessary 
for  the  present  consideration. 

At  this  point  two  conclusions  may  be  deduced.  First, 
the  capacity  for  oxygen  of  a  given  sample  of  blood  at  a 
given  pressure  of  oxygen  is  constant  only  when  the  pres- 
sure of  carbon  dioxide  is  also  constant.  Secondly,  the  fall 
in  concentration  of  carbon  dioxide  in  the  lung  is  accom- 
panied by  a  rise  in  the  capacity  of  the  blood  to  absorb 
oxygen,  and  the  rise  in  concentration  of  carbonic  acid  in 
the  tissues  is  accompanied  by  a  fall  in  the  capacity  to  ab- 
sorb oxygen.  Therefore  the  physiological  process  of  oxy- 
gen transport  is  not  represented  by  a  single  member  of 
the  family  of  oxygen  dissociation  curves  of  figure  13,  but 
by  a  different  curve,  or  rather  cycle,  which  cuts  across 
these  curves.  The  cycle  is  shown  on  figure  13. 

To  those  who  have  not  themselves  experienced  that 
state  of  bewilderment  which  is  the  usual  condition  of  the 
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investigator,  it  must  seem  strange  that  the  physiologists 
who  were  studying  the  respiratory  function  of  the  blood 
should  not  have  drawn  from  the  discovery  of  the  varia- 
tion of  oxygen  saturation  with  carbon  dioxide  pressure 
the  conclusion  that,  since  carbonic  acid  influences  the  oxy- 
gen equilibrium  in  blood,  oxygen  must  influence  the  car- 
bonic acid  equilibrium.  If  proof  of  so  obvious  a  proposi- 
tion is  necessary  a  mere  glance  at  the  above  equation 


will  suffice,  for  if  p02  and 


[Hb] 

[Hb02] 


are  functions  of  pC02 , 
[Hb] 


then  pC02  is  a  function  of  p02  and  of  .  Yet,  so 

[Hb02] 

little  are  physiologists  accustomed  to  mathematics,  and 
such  is  the  natural  inertia  of  the  mind,  that  this  conclu- 
sion escaped  us  all  and  it  remained  for  Christiansen, 
Douglas,  and  Haldane64  to  discover  by  experiment  that 
the  carbon  dioxide  dissociation  curves  of  oxygenated  and 
of  reduced  bloods  are  different.  The  facts  for  the  blood 
of  A.V.B.  are  given  by  the  two  curves  of  figure  14. 
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Fig.  14 
Carbon  Dioxide  Dissociation  Curves:  Effect  of  Oxygen 

64  Christiansen,    Douglas,    and    Haldane,    Journal    of    Physiology, 
XLVIII,  244  (1914). 
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It  is  now  known  that  when  blood  is  partially  oxygen- 
ated its  carbon  dioxide  dissociation  curves  fall  between 
these  two  extremes  at  levels  proportional  to  the  degree  of 
oxygenation.  All  these  curves  are  approximately  loga- 
rithmic. Clearly  the  physiological  exchanges  in  the  case 
of  carbonic  acid,  as  in  the  case  of  oxygen,  are  not  repre- 
sented by  one  of  this  family  of  curves,  but  by  a  cycle 
which  cuts  across  them.  This  cycle  is  drawn  on  figure  14. 

When  the  cycles  of  figures  13  and  14  are  taken  into  ac- 
count, the  discrepancy  between  the  physiological  facts, 
which  is  manifested  by  the  anomalous  apparent  value  of 
0.5  for  the  respiratory  quotient,  disappears.  That  is  due 
to  a  much  greater  effect  of  oxygenation  and  reduction  of 
hemoglobin  upon  the  carbonic  acid  cycle  than  of  changing 
carbonic  acid  concentration  upon  the  oxygen  cycle.  It  is 
roughly  indicated  by  the  fact  that  the  carbonic  acid  cycle 
is  more  divergent  from  the  dissociation  curves  than  is  the 
oxygen  cycle.  We  shall  return  more  than  once  to  a  quanti- 
tative discussion  of  this  question. 

In  studying  the  interaction  between  oxygen  and  car- 
bonic acid,  it  is  of  the  first  importance  not  to  regard  the 
change  in  one  substance  as  cause  and  the  change  in  the 
other  as  effect.  If  we  think  of  our  terms  mathematically 
as  variables  and  functions,  the  difficulty  does  not  arise. 
This  error  is  an  example  of  one  of  the  most  familiar  and 
one  of  the  most  natural  of  fallacies  and  it  was  responsible 
for  the  long  delay  in  reaching  an  understanding  of  car- 
bonic acid  transport.  What  it  is  important  to  bear  in  mind 
is  that  there  exists  a  reciprocal  relation  between  the  two 
substances,  oxygen  and  carbonic  acid.  In  the  lung  the  es- 
cape of  carbonic  acid  facilitates  the  absorption  of  oxygen 
and  the  absorption  of  oxygen  facilitates  the  escape  of 
carbonic  acid.  In  the  tissues  the  inverse  relations  hold  and 
in  a  like  manner  facilitate  the  exchanges  of  the  two  sub- 
stances. Nevertheless,  as  above  suggested,  there  is  a  great 
difference  between  the  magnitudes  of  the  variations  in 
oxygen  and  carbonic  acid  concentrations  which  are  thus 
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determined.  Under  ordinary  conditions  in  the  lung  this 
disparity  is  in  the  ratio  of  about  one  to  ten. 

The  theoretical  interpretation  of  these  interactions  in- 
volves a  return  to  the  study  of  the  acid-base  equilibrium. 
When  the  differences  between  the  oxygenated  and  re- 
duced carbon  dioxide  dissociation  curves  had  been  experi- 
mentally determined,  Haldane65  perceived  that  the  facts 
are  consistent  with  the  hypothesis  that  oxygenation 
makes  the  blood  more  acid.  The  theory  of  the  process  was 
later  discussed  by  Parsons66  and  by  me.67  We  shall  here 
follow  the  last  of  these  discussions.  Given  the  data  neces- 
sary for  the  construction  of  a  carbon  dioxide  dissociation 
curve,  it  is  possible  to  calculate  the  approximate  values 
of  the  hydrogen  ion  concentration  in  blood.  Strictly 
speaking,  this  concentration  is  a  meaningless  concept,  for 
there  is  no  such  thing  as  the  hydrogen  ion  concentration 
of  blood  as  a  whole,  but  only  the  hydrogen  ion  concentra- 
tion in  cells  and  plasma  separately.  Nevertheless,  for 
small  variations  in  the  values  of  these  variables  such  as 
those  which  occur  along  an  ordinary  carbon  dioxide  dis- 
sociation curve,  whether  oxygenated  or  reduced,  the  hy- 
drogen ion  concentrations  of  both  cells  and  plasma  are 
approximately  linear  functions  of  the  ratio  of  carbonic 
acid  concentration  and  bicarbonate  concentration  in 
whole  blood.  Thus  it  is  possible  to  express  the  combined 
carbonic  acid  (bicarbonate)  of  blood  as  a  function,  not  of 
carbon  dioxide  pressure,  but  of  the  hydrogen  ion  concen- 
tration. Haggard  and  Yandell  Henderson68  have  made 
important  use  of  this  fact  in  a  nomographical  extension 
of  the  ordinary  dissociation  curves. 

In  the  form  of  two  curves  figure  15  gives  the  results  of 
the  calculation  of  bicarbonate  concentration  as  a  function 

66  Christiansen,  Douglas,  and  Haldane,  Journal  of  Physiology, 
XLVITI,  244  (1914). 

66  T.  R.  Parsons,  Journal  of  Physiology,  LIII,  42  (1919-1920). 

67  L.  J.  Henderson,  Journal  of  Biological  Chemistry,  XLI,  401 
(1920). 

68  Haggard  and  Y.  Henderson,  Journal  of  Biological  Chemistry, 
XXXIX,  163  (1919). 
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of  hydrogen  ion  concentration  for  both  reduced  and  oxy- 
genated bloods.  The  curves  are  similar  to  the  dissociation 
curves  from  which  they  have  been  derived,  but  they  per- 
mit an  important  deduction.  Evidently  the  points  on  the 
two  curves  which  fall  on  the  same  abscissa  correspond 
to  approximately  the  same  hydrogen  ion  concentration  of 
plasma  or  of  cells.  Now  the  curve  for  reduced  blood  is 
everywhere  higher  than  the  curve  for  oxygenated  blood. 
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Bicarbonate,  Oxygen,  and  Hydrogen  Ion  Concentration 


In  other  words,  when  hydrogen  ion  concentrations  are 
equal  reduced  blood  always  combines  with  more  carbonic 
acid  than  does  oxygenated  blood.  How  is  this  possible? 
The  only  chemical  reaction  directly  involved  in  oxygena- 
tion is  the  formation  of  oxyhemoglobin.  Therefore,  oxy- 
hemoglobin must  be  either  a  more  acid  or  less  alkaline 
substance  than  reduced  hemoglobin.  The  mechanism  of 
the  process  is  still  uncertain,  but  the  fact  is  beyond  doubt. 
The  simplest  hypothesis  to  explain  the  fact  assumes,  as 
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already  suggested,  that  when  oxygen  combines  with 
hemoglobin  a  single  acid  radical  of  hemoglobin  in  the 
neighborhood  of  the  point  of  union  of  oxygen  becomes 
stronger  and,  therefore,  more  highly  ionized  (k'o  >  It'*). 
On  this  assumption  all  facts  can  be  quantitatively  ac- 
counted for.  Evidently,  increase  of  acidity  of  this  radical 
must  lead  to  decomposition  of  bicarbonate,  decrease  of 
acidity  to  a  formation  of  bicarbonate  in  the  solution. 
Moreover,  if  combination  of  hemoglobin  with  oxygen 
leads  to  a  change  in  the  affinity  of  this  acid  radical,  then 
change  in  the  ionization  of  the  acid  radical  must  lead  to 
change  in  affinity  for  oxygen.  By  application  of  this  hy- 
pothesis the  cycle  of  changes  may  be  interpreted. 

My  original  estimates  of  the  values  of  h'  for  this  acid 
radical  were  very  rough  approximations  because  the 
above  treatment  is  inadequate  for  accurate  quantitative 
purposes,  and  because  it  had  not  been  discovered  how  dif- 
ferent are  conditions  in  the  cells  from  those  in  the  plasma 
and  how  exceptionally  large  is  the  amount  of  base  with 
which  hemoglobin  combines.  Recently  the  question  has 
been  carefully  studied  in  Van  Slyke's69  laboratory.  The 
results  may  be  summed  up  in  the  statement  that  known 
facts  are  consistent  with  the  theory  that  the  radical  of 
hemoglobin  in  question  behaves  in  the  manner  above  sug- 
gested and  that  it  is  characterized  by  the  following  values 
of  k'  in  reduced  hemoglobin  and  oxyhemoglobin  respec- 
tively : 

7c'R  =  6.6  X  10-9, 
k'o  =  2.4  X  10-7. 

Experimental  observations  and  theoretical  relations  are 
well  presented  in  figure  16  taken  from  Van  Slyke  's  valu- 
able monograph.70 

69  Hastings,  Van  Slyke,  Neill,  Heidelberger,  and  Harington,  Journal 
of  Biological  Chemistry,  LX,  89  (1924). 

70  D.  D.  Van  Slyke,  Factors  Affecting  the  Distribution  of  Electro- 
lytes, Water,  and  Gases  in  the  Animal  Body,  Philadelphia  and  London, 
1926. 
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It  has  long  been  apparent  to  those  who  have  subjected 
the  facts  to  a  critical  scrutiny  that  simple  buffer  action 
of  the  proteins  of  blood  must  be  insufficient  to  account  for 
the  amount  of  base  taken  up  by  carbonic  acid  in  the 
tissues  and  liberated  in  the  lung.  This  conclusion  arose 
from  my  early  quantitative  studies  of  buffer  action.71 
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Taking  the  best  modern  values,  in  order  to  obtain  con- 
sistency with  later  discussions,  we  may  make  the  follow- 
ing estimates  of  what  conditions  would  be  in  the  respira- 
tory exchange  of  carbonic  acid  in  the  blood  but  for  the 
heterogeneity  of  the  system  and  the  difference  in  state  of 
the  hemoglobin  molecule  in  arterial  and  venous  blood. 
These  estimates  are  in  the  form  of  the  differences  in  com- 
position between  arterial  and  venous  blood  which  would 
arise  if  it  were  possible  to  suppress  the  effects  of  hetero- 

71  L.  J.  Henderson,  Ergebnisse  der  Physiologie,  Jahrgang  VIII,  p. 
254  (1909). 
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geneity  and  of  changing  acidity  of  the  hemoglobin  mole- 
cule: 

A[BHC03]  =  2.08  millimoles  per  liter, 
ApH  =  0.028, 
A[BP]C  =  0.88  millimole  per  liter, 
A  [BP]  8  =  0.09  millimole  per  liter, 
A  [BP]  B  =  0.97  millimole  per  liter. 

These  values  indicate  that  the  true  buffer  action  of  all  the 
blood  proteins,  A[BP]B,  is  less  than  half  that  of  carbonic 
acid,  A[BHC03].  A  similar  consideration  based  upon  less 
accurate  data,  and,  like  this,  only  roughly  approximate, 
because  of  ignorance  of  the  acid-base  relations  within  the 
cell  and  of  the  laws  of  heterogeneous  equilibrium,  led  me 
to  the  conclusion  that  an  unknown  factor  within  the  cells 
supplements  simple  buffer  action  and  facilitates  the 
transport  of  carbonic  acid.72  This  unknown  factor  is  the 
effect  of  oxygenation  upon  the  acid  properties  of  hemo- 
globin. 

The  problem  may  be  clarified  by  a  consideration  of  the 
composition  of  the  blood  of  A.V.B.  under  several  differ- 
ent conditions  as  defined  in  table  5. 

In  this  table,  column  I  gives  the  composition  of  arterial 
blood,  column  II  that  of  venous  blood,  column  III  that  of 
blood  having  the  oxygen  content  of  arterial  blood  but  the 
same  value  of  pC02  as  venous  blood,  while  column  IV 
gives  the  value  of  BPC  for  blood  having  the  same  value 
of  Hb02  as  arterial  blood  and  the  same  value  of  pHc  as 
venous  blood. 

72  L.  J.  Henderson,  Journal  of  Biological  Chemistry,  VII,  29  (1909). 
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It  will  be  seen  that  simultaneous  changes  in  oxygena- 
tion and  in  partial  pressure  of  carbon  dioxide,  such  as 
actually  take  place  in  the  respiratory  cycle,  involve  an  in- 
crease of  70  per  cent  in  the  variations  of  (BHC03)b  and 
BPb  compared  with  the  case  when,  oxygenation  remain- 
ing constant,  there  is  an  equal  change  in  pC02 .  But,  in  the 
former  case,  the  change  in  pH8  is  only  two-thirds  that  in 
the  second  case,  the  change  in  pHc  only  one-fourth.  More- 
over, comparing  columns  I  and  IV,  we  see  that  change  in 
hydrogen  ion  concentration  of  the  cells  equal  to  that 
which  takes  place  in  the  respiratory  cycle,  when  unac- 
companied by  change  in  oxygenation,  produces  a  varia- 
tion in  BPC  of  but  0.26  millimole  per  liter  of  blood,  which 
is  only  about  one-eighth  of  the  variation  which  occurs 
during  the  respiratory  cycle. 

From  these  facts   a  number  of  conclusions  may  be 

drawn.  First,  in  the  normal  respiratory  cycle  the  true 

26 
buffer  action  of  hemoglobin  is  but  —  or  13  per  cent  of 

the  change  in  BPC,  hence  87  per  cent  of  this  change,  or 
1.71  millimoles  per  liter,  is  due  to  the  change  in  oxygena- 
tion. Secondly,  the  total  buffer  action  of  the  proteins  is 

but  — —  or  18  per  cent  of  the  whole  change  in  BPB,  the 

208 

oxygenation  of  hemoglobin  being  responsible  for  the  rest 
or  82  per  cent  of  this  quantity,  and,  therefore,  for  82  per 
cent  of  the  carbonic  acid  absorbed  in  the  tissues  and  re- 
leased in  the  lungs.  Thirdly,  hemoglobin,  as  a  result  of 

197 
oxygenation  plus  buffer  action,  is  responsible  for  — —  or 

95  per  cent  of  the  absorption  and  excretion  of  carbonic 
acid.  Finally,  the  serum  proteins  are  responsible  for  but 

— —  or  five  per  cent  of  this  quantity.  The  oxygen  effect  is 

very  large,  far  larger  indeed  than  could  have  been  fore- 
seen when  the  decrease  in  variation  of  hydrogen  ion  con- 
centration which  accompanies  it  was  unknown. 


90  BLOOD 

It  will  be  unnecessary  to  continue  this  analysis  of  the 
absorption  of  oxygen  and  carbon  dioxide  by  blood.  From 
the  point  that  we  have  now  reached  substantial  progress 
is  hardly  possible  except  by  means  of  a  synthetic  treat- 
ment of  the  blood  as  a  physico-chemical  system.  But  be- 
fore this  treatment  can  be  undertaken,  it  remains  to  ana- 
lyze one  more  class  of  facts.  These  relate  to  the  hetero- 
geneous equilibrium  between  cells  and  plasma. 


CHAPTER  V 
CELLS  AND  PLASMA 

THE  unequal  concentration  of  substances  common 
to  the  two  phases  of  blood  and  in  part  capable  of 
passing  from  one  to  the  other  is  the  subject  of  the 
present  chapter.  We  shall  find  it  convenient  to  regard  the 
conditions  as  arising  from  the  presence  of  unequal  quan- 
tities of  protein  in  the  two  phases,  from  the  unequal  affini- 
ties of  hemoglobin  and  serum  proteins  for  base,  and  from 
the  effects  of  oxygenation  on  this  affinity  in  the  case  of 
hemoglobin. 

In  normal  human  blood  plasma  the  concentration  of 
base  bound  by  protein  is  approximately  one-fifth  the  con- 
centration of  the  similar  compound  within  the  red  cells. 
Therefore  the  protein  salts  of  the  plasma  contribute  far 
less  to  the  osmotic  pressure  of  their  phase  than  do  the 
protein  salts  of  cells  to  that  of  the  other  phase  of  the  sys- 
tem. Such  an  inequality  of  concentration  must  involve 
other  inequalities  if  osmotic  equilibrium  is  to  exist;  and 
this  equilibrium  does  exist,  uncomplicated  by  mechanical 
pressure.73  Thus  it  may  be  seen  that  the  distribution  of 
dissolved  substances  between  cells  and  plasma  is  a  com- 
plex phenomena. 

A  clear  understanding  of  the  nature  of  the  heterogene- 
ous equilibrium  in  blood  has  been  but  recently  attained, 
long  after  most  of  the  other  facts  which  we  have  studied 
had  been  satisfactorily  interpreted.  Yet  the  first  observa- 
tion on  this  subject  is  now  sixty  years  old  and  precedes 
nearly  everything  thus  far  considered  in  this  book.  In 

73  Van  Slyke,  Wu,  and  McLean,  Journal  of  Biological  Chemistry, 
LVI,  765  (1923). 
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1867  and  1868  Zuntz74  proved  that  in  normal  blood  the 
cells  contain  only  about  one-half  as  much  carbonic  acid 
(bicarbonate)  as  the  serum.  Yet,  after  saturating  the 
blood  with  carbon  dioxide  at  atmospheric  pressure,  he  ob- 
served an  additional  formation  of  bicarbonate  three  times 
as  great  as  that  which  occurred  in  serum  that  had  been 
separated  from  cells.  From  this  fact  he  concluded  that  the 
alkali  which  is  available  for  the  formation  of  bicarbonate 
in  blood  is  chiefly  contained  in  the  cells.  But  he  also  ob- 
served that  the  additional  quantity  of  bicarbonate  thus 
formed  in  the  presence  of  cells  is  not  found  in  them,  but 
occurs  in  large  part  in  the  plasma.  Therefore,  in  addition 
to  free  carbonic  acid  some  other  acid  or  base  had  moved 
between  cells  and  plasma.  Similar  observations  were  also 
made  by  A.  Schmidt. 74a 

Twenty-five  years  later  von  Limbeck75  made  a  second 
observation.  Upon  measuring  the  volume  of  the  cells  un- 
der different  conditions  he  found  that  this  volume  in- 
creases with  increase  in  the  partial  pressure  of  carbon 
dioxide.  Such  a  change  can  be  the  result  of  but  one  proc- 
ess, a  movement  of  water  from  serum  to  cells.  This  fact 
had,  indeed,  been  discovered  much  earlier  by  H.  Nasse,75a 
but  the  discovery  passed  unnoticed. 

A  crude  imitation  of  both  these  phenomena  was  dis- 
covered by  Spiro  and  me.76  We  constructed  artificial  cells 
with  collodion  membranes,  filled  them  with  a  solution  of 
serum  globulin  plus  sodium  bicarbonate  and  placed  the 
cells  in  a  similar  solution  of  pure  sodium  bicarbonate. 
After  equilibrium  had  been  more  or  less  precisely  estab- 
lished, carbon  dioxide  was  passed  simultaneously  through 

74  N.  Zuntz,  Centralblatt  Med.  Wiss.,  529,  1867;  Beitrage  zur  Physi- 
ologie  des  Blutes,  Dissertation,  Bonn,  1868. 

74a  A  Schmidt,  Ber.  K.  Sache.  Ges.  Wiss.,  I,  xix,  30  (1867). 

75  R.  von  Limbeck,  Archiv  fur  Experimentelle  Pathologie  und  Phar- 
makologie,  XXXV,  309  (1894). 

75aH.  Nasse,  Pfliiger>s  Archiv,  XVI,  604  (1878). 

76  Spiro  and  Henderson,  Bio  chemisette  Zeitschrift,  XV,  114  (1909). 
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both  phases  and  we  observed  that  under  these  circum- 
stances base  passed  out  of  the  artificial  cell  and  water 
into  it.  Similar  processes  occurred  when,  for  the  protein, 
finely  divided  calcium  carbonate  was  substituted.  It  was 
also  possible  to  observe  the  phenomenon  when  discs  of 
gelatine  made  up  from  a  solution  of  sodium  bicarbonate 
were  substituted  for  the  artificial  cells. 

In  these  simple  experiments  there  can  be  no  doubt  of 
the  nature  of  the  process.  At  the  outset  a  close  approach 
to  equilibrium,  though  not  equality  of  concentrations, 
existed  between  the  phases.  When  the  system  was  satu- 
rated with  carbon  dioxide  the  cell  phase,  which  contained 
the  buffer,  took  up  large  quantities  of  carbonic  acid  as  bi- 
carbonate and  thereby  increased  its  osmotic  pressure 
greatly  and  its  acidity  slightly.  Meanwhile,  the  unbuffered 
phase  absorbed  only  free  carbonic  acid,  thereby  increas- 
ing its  osmotic  pressure  slightly,  but  its  acidity  greatly. 
Therefore  water  passed  into  the  cell  on  account  of  the 
disturbed  osmotic  equilibrium  and  base  passed  out,  both 
because  of  the  disturbed  osmotic  equilibrium  and  also  be- 
cause of  the  disturbed  heterogeneous  acid-base  equilib- 
rium. 

This  explanation  applies,  but  as  we  were  well  aware 
applies  imperfectly,  to  the  blood.  It  had,  in  fact,  already 
been  discovered  by  Giirber77  that  while  bicarbonate  and 
chloride  ions  move  in  and  out  of  the  red  cells,  base  does 
not.  Therefore,  though  it  was  apparent  that  the  move- 
ment of  chloride  ion  in  one  direction  is,  for  the  acid-base 
equilibrium,  equivalent  to  a  movement  of  sodium  in  the 
other  direction,  much  remained  to  be  accounted  for ;  how 
much  we  were  then  far  from  clearly  understanding. 

Already,  however,  a  quantitative  study  of  the  hydrogen 
ion  concentration  changes  in  the  blood,  and  of  the  burl er 
values  of  protein  had  led  me  to  the  conclusion  that  the 
transport  of  carbonic  acid  is  certainly  not  entirely  ex- 
plicable as  far  as  plasma  is  concerned  and  probably  not 

77  A.  Giirber,  Maly's  Jahresbericht,  XXV,  164  (1895). 
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in  whole  blood  by  means  of  simple  buffer  action  of  the 
proteins  and  bicarbonates78  through  the  reaction, 

BP  +  H2C03  ^±  BHCO3  +  HP. 

This  subject  has  been  partly  explained  in  the  preceding 
chapter.  The  facts  discovered  by  Zuntz  and  Giirber,  when 
interpreted  by  means  of  the  theory  that  Spiro  and  I  had 
stated  seemed  to  overcome  the  difficulties  concerning 
plasma,  but  the  problem  of  the  cells  remained  obscure. 
For,  while  it  was  not  difficult  to  make  out  a  good  case  for 
the  probability  that  simple  buffer  action  is  inadequate  to 
account  for  what  was  then  known  to  occur,  the  theory  af- 
forded no  opportunity  of  quantitatively  characterizing 
the  heterogeneous  equilibrium.  In  fact  three  pieces  of  in- 
formation were  lacking;  the  quantitative  description  of 
the  heterogeneous  equilibrium,  the  titration  curve  of 
hemoglobin  and,  what  was  then  unsuspected,  the  effect  of 
oxygen  upon  this  curve.  Of  these  points  we  have  already 
considered  the  second  and  third  in  preceding  chapters. 

The  need  of  a  solution  of  the  first  problem  was  obvious, 
and  in  1910  I  undertook  the  study  of  equilibrium  in  a  two- 
phase  system,  in  which  one  phase  consisted  of  the  solu- 
tion of  an  acid,  the  other  of  the  same  solution  plus  a  pro- 
tein. But  I  lacked  the  wit  to  carry  these  experiments  to  a 
successful  conclusion.  This  was  partly  due  to  the  fact  that 
the  problem  contains  a  concealed  pitfall  and  that  for  this 
reason  the  case  of  the  blood  is  in  one  respect  actually 
simpler  than  the  case  of  this  seemingly  simple  system. 

At  least  one  other  conclusion,  however,  was  clear,  as  a 
result  of  the  discovery  of  the  exchange  of  chloride  be- 
tween cells  and  plasma.  The  apparent  movement  of  base 
or  of  bicarbonate  between  the  two  phases  must  be  the  re- 
sult of  the  actual  movement  of  hydrochloric  acid  or,  to 
state  the  facts  in  terms  of  a  reasonable  theory,  of  the  ex- 
change of  chloride  for  bicarbonate  ions  across  the  cell 
wall.  In  its  simplest  form  the  process  may  be  represented 

78  L.  J.  Henderson,  Journal  of  Biological  Chemistry,  VII,  29  (1909). 
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as  follows.  Let  the  cells  be  conceived  as  a  solution  of 
hemoglobin  functioning  as  an  acid  plus  carbonic  and  hy- 
drochloric acids  in  equilibrium  with  base,  the  plasma  as 
a  similar  solution  in  which  hemoglobin  is  replaced  by  the 
serum  proteins.  Then  increase  of  concentration  of  free 
carbonic  acid  must  lead  to  the  formation  in  the  cells  of  a 
larger  quantity  of  bicarbonate  through  buffer  action,  at 
the  expense  of  salts  of  hemoglobin,  than  is  formed  by  a 
similar  reaction  in  the  plasma.  In  fact  such  action  in  the 
plasma,  because  much  smaller,  may  be  provisionally  neg- 
lected. This  process  is  accompanied  by  the  above-men- 
tioned exchange  of  some  of  the  bicarbonate  ions  of  the 
cell  for  an  equal  number  of  chloride  ions  of  the  plasma. 
The  result  is  a  large  increase  in  plasma  bicarbonate  and 
an  apparent  transfer  of  base  from  cells  to  plasma. 

In  short,  an  increase  of  carbon  dioxide  partial  pressure 
in  blood  leads  to  increase  of  the  sum  of  [BP]  +  [BHC03] 
in  serum  and  to  decrease  of  the  sum  of  these  quantities  in 
cells  (Zuntz),  to  increase  of  cell  water  and  of  cell  volume 
and  to  decrease  of  plasma  water  and  of  plasma  volume 
(Nasse),  and  to  increase  of  cell  chloride  and  to  decrease 
of  plasma  chloride  (Giirber).  All  these  changes  are  the 
results  of  the  movement  of  water  and  of  chloride  ions  into 
the  cells  and  of  the  movement  of  bicarbonate  ions  out  of 
the  cells.  When  the  partial  pressure  of  carbon  dioxide 
falls  the  processes  are  reversed,  water  and  chloride  ions 
move  out  of  the  cells,  bicarbonate  ions  into  them,  and 
corresponding  changes  in  volume  and  in  distribution  of 
bicarbonate  result.  In  other  words,  distribution  of  water 
and  of  chloride  and  bicarbonate  ions  must  be  mathemati- 
cal functions  of  the  partial  pressure  of  carbon  dioxide. 

Long  after  the  nature  of  these  facts  had  become  ap- 
parent, the  discovery  by  Christiansen,  Douglas,  and  Hal- 
dane79  of  the  effect  of  oxygenation  of  blood  upon  its  car- 
bon dioxide  dissociation  curves  finally  led  me  to  the  con- 
clusion which  should  have  been  drawn  a  decade  earlier, 

79  Christiansen,  Douglas,  and  Haldane,  Journal  of  Physiology, 
XLVIII,  244  (1914). 
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that  every  one  of  the  variables  involved  in  the  respira- 
tory exchanges  of  blood  must  be  a  mathematical  function 
of  all  the  others.  In  particular,  since  the  distribution  of 
water,  of  bicarbonate  and  of  chloride  between  cells  and 
serum  are  functions  of  carbon  dioxide  pressure  and  car- 
bon dioxide  pressure  is  a  function  of  oxygen  pressure, 
the  distribution  of  water,  of  bicarbonate,  and  of  chloride 
must  also  be  functions  of  oxygen  pressure.  Therefore,  it 
should  be  possible  to  observe  the  phenomena  of  Zuntz,  of 
Nasse,  and  of  Giirber  in  blood  when  oxygen  pressure  is 
varied.  Accordingly,  I  proposed  to  F.  C.  McLean  who 
had  already  become  interested  in  the  physiological  be- 
havior of  chlorides  and  who  was  about  to  begin  work 
in  my  laboratory,  that  he  should  study  the  effect  of  oxy- 
gen pressure  upon  the  concentration  of  chlorides  in  blood. 
McLean  had  no  difficulty  in  verifying  the  deduction  and 
in  making  approximate  measurements  of  the  variations 
in  chloride  content  of  serum  under  the  influence  of  chang- 
ing oxygen  pressure  in  whole  blood.80  The  facts  are  analo- 
gous to  those  discovered  by  Bohr,  Hasselbalch,  and 
Krogh81  concerning  the  effects  of  oxygen  and  carbon  di- 
oxide pressure  upon  the  absorption  of  oxygen  by  blood, 
and  to  those  discovered  by  Christiansen,  Douglas,  and 
Haldane.82  They  may  be  illustrated  by  figure  17  which  is 
a  transformation  of  a  portion  of  the  figure  in  which  our 
results  were  summed  up.  Here  ordinates  represent  con- 
centrations of  chloride  in  serum,  abscissas  oxygen  pres- 
sure, while  each  curve  corresponds  to  one  constant  pres- 
sure of  carbon  dioxide.  After  comparison  with  figure  13, 
page  79  there  will  be  no  difficulty  in  understanding  the 
facts. 

At  this  stage  it  finally  became  possible  to  piece  to- 

80  L.   J.   Henderson,  Journal  of  Biological   Chemistry,  XLVI,  411 
(1921). 

81  Bohr,  Hasselbalch,  and  Krogh,  Skandinavisches  Archiv  fur  Physi- 
ologie,XVI,  412  (1907). 

82  Christiansen,    Douglas,    and    Haldane,    Journal    of    Physiology, 
XLVIII,  244  (1914). 
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Chloride  Distribution  and  Oxygen  Pressure 


gether  the  various  fragments  of  information  which  have 
engaged  our  attention  in  this  and  the  preceding  chapter, 
and  to  construct  the  Cartesian  nomogram83  here  repre- 
sented as  figure  18.  This  is  a  graphical  representation 
of  all  the  facts  which  were  quantitatively  known  eight 
years  ago  concerning  the  respiratory  activities  of  ordi- 
nary mammalian  blood.  We  shall  return  to  this  subject 
in  the  next  chapter. 

McLean's  experiments  had  established  the  facts  con- 
cerning the  chloride  equilibrium,  but  we  feared  that  they 
were  as  yet  hardly  accurate  enough,  in  view  of  the  grow- 
ing importance  of  the  subject.  Moreover,  the  problem  of 
water  balance  between  cells  and  plasma  had  been  left  un- 
touched. It  was  also  apparent  that  in  due  course  theoreti- 
cal interpretations  of  the  phenomenon  better  propor- 
tioned to  the  increasing  power  of  theoretical  physico- 
chemical  analysis  would  be  required.  In  view  also  of  the 

83  L.  J.  Henderson,  Journal  of  Biological  Chemistry,  XLVI,  411 
(1921). 
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Cartesian  Nomogram  for  Mammalian  Blood 


complexity  of  the  problem  it  was  agreed  that  the  work 
should  be  continued  in  Van  Slyke 's  laboratory  at  the 
Rockefeller  Institute  as  well  as  in  my  own,  and  that  Mc- 
Lean working  with  Van  Slyke  should  continue  the  study  of 
the  heterogeneous  equilibrium.  Thus  began  a  collabora- 
tion which  was  later  continued  in  Peking  with  the  aid  of 
Wu  and  which  has  resulted  in  what  now  appears  to  be  the 
approximate  solution  of  all  the  questions  at  issue.  The  re- 
sults may  be  found  in  the  important  paper  of  Van  Slyke, 
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Wu,  and  McLean,84  which  is  equally  admirable  as  a  theo- 
retical study  and  as  an  experimental  research.  Some  of 
the  aspects  of  this  intricate  problem  had  been  previously 
treated  in  a  valuable  paper  by  Warburg.84*  This  paper,  in 
which  many  of  the  theoretical  refinements  of  the  subject 
were  first  worked  out,  is  very  useful  for  its  historical  as 
well  as  for  its  theoretical  discussions. 

Theoretically,  the  first  step  in  this  investigation  con- 
sisted in  the  treatment  of  the  problem  above  referred  to 
of  equilibrium  between  a  protein  and  an  acid  or  base  in 
one  phase  and  acid  or  base  alone  in  solution  in  the  other 
phase  of  a  two-phase  system. 

Meanwhile  the  problem  in  its  general  form  had  been 
solved  by  Donnan,85  who,  as  the  developments  of  recent 
years  have  shown,  thereby  made  a  contribution  of  the 
first  importance  to  physiology.  Like  so  many  other  inde- 
pendent discoveries  of  modern  physical  chemistry,  Don- 
nan^  results  are  to  be  found  in  Gibbs's  great  memoir,86 
where  they  had  lain  unnoticed.  The  Gibbs-Donnan  law  of 
heterogeneous  equilibrium  applies  to  heterogeneous  sys- 
tems when,  in  at  least  one  of  the  phases,  there  is  a  sub- 
stance which  cannot  pass  out  of  the  phase  in  which  it  is 
present,  but  which  does  combine  with  another  substance 
that  is  not  itself  thus  restricted. 

The  proteins,  together  with  the  bases  and  acids  with 
which  they  form  salts,  manifest  such  behavior  and  there 
is  accordingly  hardly  a  physiological  process  in  which  this 
law  is  not  somewhere  involved  and  in  which  it  may  not  be 
invoked  with  profit. 

The  Gibbs-Donnan  law,  a  deduction  from  elementary 
thermodynamical  principles,  may  be  formulated  for  pres- 
ent purposes  as  follows :  Given  a  system  of  two  phases, 

84  Van  Slyke,  "Wu,  and  McLean,  Journal  of  Biological  Chemistry, 
LVI,  765  (1923). 

84aE.  J.  Warburg,  Biochemical  Journal,  XVI,  153  (1922). 

85  W.  C.  McC.  Lewis,  A  System  of  Physical  Chemistry,  3d  ed.,  vol. 
II,  London,  1920. 

86  J.  Willard  Gibbs,  Scientific  Papers,  I,  83,  London,  1906. 
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S  and  C,  let  there  be  present  in  phase  C  the  substance  P 
which  is  restricted  to  this  phase  and  which  is  capable  of 
forming  ionized  salts  PA1?  PA2,  .  .  .  with  acids.  In  both 
phases,  there  are  present  acids  yielding  ions  Ar,  A2",  .  .  . 
and  bases  yielding  ions  IV,  B2+.  .  .  .  The  ions  Ar,  A2", 
.  .  . ,  Bi+,  B2+,  .  .  .  exist  in  both  phases  and  are  capable  of 
passing  from  one  to  the  other.  In  both  phases  the  solvent 
is  water.  Let  the  true  thermodynamical  concentrations  or 
activities  of  the  ions  be  (aj,  (a2),  .  .  .  (bx),  (b2),  .  .  .  and 
let  their  respective  valences  be  ply  p2,  .  .  .,  #i,  g2.  .  .  . 
Then  a  necessary  condition  for  equilibrium  is  as  follows : 

K)c1/P-  _  K)c1/P-  _  _  (&,V/q*  _  (&,)81/q»  _        _r  m 

(«,).I/Pi      («.).,/p-   "  *  '  '  '   (fcjc1^      (&f)c«/«.      "  '     r'  {1) 

If  p  =  q  =  1,  which  is  the  case  for  the  ions  CI",  HC03", 
OH",  and  H+  with  which  we  shall  be  concerned,  we  have : 

K)c  =  K)c  (K)*  =  (K)*  =  =r        /ox 

K)8  "  (a,).  "•••-  (6i)e  -  (6t)e  --...-•        U 

Equation  2  may  be  employed,  as  Van  Slyke,  Wu,  and  Mc- 
Lean have  shown,  in  the  present  case. 

We  shall  now  consider  the  simplest  possible  model  of 
the  Gibbs-Donnan  effect  in  blood  as  it  has  been  worked 
out  by  Van  Slyke,  Wu,  and  McLean.  Let  there  be  present 
cells  containing  an  ion  B+,  which  is  in  fact  chiefly  potas- 
sium, hemoglobin  in  an  ionized  condition,  and  an  ion  A', 
which  may  be  taken  to  represent  chiefly  chloride  and  bi- 
carbonate. In  the  serum  let  there  be  present  the  same  ion 
A"  and  an  equivalent  concentration  of  ion  B+,  which  is 
here  chiefly  sodium.  Neither  hemoglobin  nor  B+  (i.e.,  so- 
dium and  potassium)  can  pass  from  one  phase  to  the 
other.  The  conditions  in  normal  blood  are  approximately 
those  indicated  in  figure  19  which  calls  for  no  explanation 
except  that  the  area  marked  Hb"  represents  the  equiva- 
lent concentration  of  ionised  hemoglobin.  This  area  there- 
fore measures  the  quantity  of  B*  which  is  neutralized  by 
hemoglobin  under  the  conditions  of  equilibrium  repre- 
sented by  this  particular  diagram.  It  must  be  clearly  un- 
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derstood,  as  already  explained,  that  while  the  mass  of 
hemoglobin  remains  constant,  this  area  will  vary  both 
with  the  hydrogen  ion  concentration  of  the  cells,  in  ac- 
cordance with  the  titration  curve,  and  also  with  the  state 
of  oxygenation  of  the  hemoglobin. 
From  the  above  discussion  we  have 


(A-)c       (Cl-)c  =  (HCQ3-)c  =  (IP). 
(A-).       (C1-).       (HC03-)s       (H+)c 

Also,  since  there  is  electrical  neutrality, 

(B*)c=(A-)c  +  (Hb-), 

and  (B+)8  =  (A-)S. 

Finally,  since  osmotic  equilibrium  exists, 

(B+)c  +  (A-)c  =  (B+)8  +  (A-)8. 


=  r. 


(3) 

(4) 
(5) 

(6) 
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Equation  6  neglects  the  osmotic  effect  of  hemoglobin  and 
all  the  equations  (3,  4,  5,  and  6)  must  be  regarded  as  rough 
approximations.  They  neglect,  in  fact,  serum  proteins, 
divalent  ions  and,  as  they  must  be  at  present  applied, 
activity  coefficients.  Figure  19  is  a  graphical  representa- 
tion of  the  conditions  defined  by  these  equations.  Thus 
the  area  Bc+  is  equal  to  the  sum  of  the  areas  Ac"  +  Hb+ 
(equation  4).  The  area  Bs+  is  equal  to  the  area  A8"  (equa- 
tion 5),  the  sum  of  the  areas  Bc+  +  Ac"  is  equal  to  the  sum 
of  the  areas  Bs+  +  As~  (equation  6),  and  finally  the  ratio 
of  the  area  Ac  to  the  area  As  is  equal  to  r  (equation  3). 
Addition  of  the  term  (Hb~)  to  both  sides  of  equation  6 
gives  the  relation, 


(B*)c  +  (A-)c  +  (Hb-)  =  (B*).  +  (A-).  +  (Hb"),       (7) 

which  shows  that  the  total  ionic  concentration  of  the  cells, 
represented  by  the  left-hand  side  of  equation  7,  is  greater 
than  that  of  the  serum  by  the  value  (Hb-).  Substitution  in 
equation  7  of  the  values  of  (B+)c  and  (B+)8  from  equations 
4  and  5  gives 

2(A-)C  +  2(Hb;)  =  2(A-).  +  (Hb-), 

or  (A-)c  +  (Hb-)-(A-)8-(i|^.  (8) 

In  words  the  total  concentration  of  anions  in  cells  is 
greater  than  that  in  serum  by  a  quantity  equal  to  one- 
half  the  concentration  of  ionized  hemoglobin.  This  is  also 
true  for  the  concentration  of  cations,  while,  on  the  other 
hand,  the  value  of  (A_)c  is  less  than  that  of  (A_)s  by  the 
same  quantity : 

(A-)c  +  ^p  =  (A-)8.  (9) 

Therefore,  with  equation  3,  we  have 

(H+)8_(A-)  (Hb-)  (10) 

r~(H+)c       (A-),  2(A"). 
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The  quantity  1  —  ^       (  is  accordingly,  in  a  rough  ap- 
2(A  )8 

proximation,  a  measure  of  the  value  of  r  and  therefore  of 
the  distribution  of  chloride  and  bicarbonate  between  cells 
and  serum.  As  Van  Slyke  has  pointed  out :  * l  The  greater 
the  concentration  in  the  cells  of  Hb",  equivalent  to  the 
base  neutralized  by  hemoglobin,  the  farther  will  the  value 
of  r  be  depressed  below  1,  and  hence  the  greater  will  be 
the  inequality  of  electrolyte  distribution  between  cells  and 
serum.,, 

We  have  seen  that  the  amount  of  base  bound  by  hemo- 
globin increases  as  the  degree  of  oxygenation  of  hemo- 
globin increases  and  decreases  as  the  pressure  of  carbon 
dioxide  increases.  Hence  the  movement  of  chloride  into 
the  cells  when  pressure  of  carbon  dioxide  increases,  as 
discovered  by  Giirber,  and  the  movement  of  chloride  out 
of  the  cells  when  oxygen  pressure  increases,  as  discovered 
by  McLean  and  myself.  In  other  words,  during  the  re- 
spiratory cycle  the  quantities  p02 ,  "pTT  •>  /pi-\  >  mro  -V 

-  all  vary  with  the  quantity  (Hb")  of  the  above  discus- 
sion. 

These  conclusions  show  that  the  theory  of  Spiro  and 
myself  concerning  the  adjustment  of  the  heterogeneous 
acid-base  equilibrium  might  have  been  misleading.  As  we 
have  seen,  this  theory  is  in  accord  with  the  facts,  in  case 
the  heterogeneous  equilibrium  is  disturbed  by  varying 
partial  pressure  of  carbon  dioxide.  It  is  no  less  in  agree- 
ment with  the  phenomena  observed  when  oxygen  pressure 
varies.  But  an  increasing  oxygen  pressure  causes  chloride 
to  move  out  of  the  cells,  in  spite  of  the  fact  that  the  blood 
is  meanwhile  becoming  more  acid,  as  it  is  also  in  the  case 
of  increasing  carbon  dioxide  pressure,  when  chloride 
moves  into  the  cells.  Nevertheless,  while  increasing  pres- 
sure of  carbon  dioxide  causes  a  great  increase  in 
(HC(V)c  and  a  small  increase  in  (HC03")s,  hence  an  in- 
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crease  in  r  and  relative  acidity  of  serum,  increasing  oxy- 
gen pressure  causes  a  decrease  in  (HC03")c  and  no  direct 
change  in  (HC03")s,  hence  a  decrease  in  r  and  relative 
acidity  of  cells.  Therefore,  increase  of  pressure  of  carbon 
dioxide  is  accompanied  by  a  movement  of  chloride  ions 
into  the  cells,  increase  of  oxygen  pressure  by  a  movement 
of  chloride  ions  out  of  the  cells.  In  short,  the  older  theory 
is  consistent  with  the  facts  and  with  the  more  recent 
theory  as  quantitatively  developed  by  Van  Slyke87  from 
the  Gibbs-Donnan  law.  But  the  older  theory  cannot  of 
course  explain  the  quantitative  relations  because  it  was 
put  forth  at  a  time  when  the  magnitude  of  the  differences 
in  concentrations  between  cells  and  serums  was  unknown 
and  theoretically  inexplicable.  The  older  theory  takes  ac- 
count of  the  known  increases  or  decreases  of  unknown 
differences  between  concentrations  in  cells  and  plasma, 
the  theory  of  Van  Slyke,  Wu,  and  McLean  of  known 
values  and  ratios  of  these  concentrations. 

We  may  now  proceed  to  a  more  detailed  consideration 
of  the  magnitudes  of  the  changes  involved  in  changing 
the  partial  pressure  of  carbon  dioxide.  Here,  again,  we 
shall  follow  Van  Slyke.88  In  figure  20,  A  approximately 
represents  the  composition  of  oxygenated  human  blood 
when  the  value  of  pHs  is  7.8.  The  conditions  are  those  de- 
fined by  equations  3,  4,  5,  and  6.  In  other  words,  ionic 
neutrality  exists  in  cells  and  in  serum,  osmotic  equilib- 
rium exists  between  cells  and  serum,  and  the  values  of  r 
for  chloride  and  bicarbonate  ions  are  equal.  B  represents 
the  changes  in  the  cells  following  increase  of  the  pressure 
of  carbon  dioxide  to  the  value  where  pHc  becomes  6.6 — 
the  isoelectric  point  of  oxyhemoglobin.  Now  all  the  base 
which  was  bound  by  hemoglobin  has  become  bicarbonate, 

87  Van  Slyke,  Wu,  and  McLean,  Journal  of  Biological  Chemistry, 
LVI,  765  (1923). 

88  D.  D.  Van  Slyke,  Factors  Affecting  the  Distribution  of  Electro- 
lytes, Water,  and  Gases  in  the  Animal  Body,  pp.  18-20,  Philadelphia 
and  London,  1926. 
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and  HC03"  has  completely  replaced  Hb".  Thus  both  the 
osmotic  equilibrium  and  the  Gibbs-Donnan  equilibrium 
must  be  disturbed.  C  represents  the  effect  of  the  exchange 
of  chloride  ion  for  bicarbonate  ion  between  the  two  phases 
to  restore  to  equality  the  values  of  r  for  chloride  and  bi- 
carbonate ions.  But  osmotic  equilibrium  is  still  unat- 
tained.  Finally  D  represents  the  condition  of  equilibrium, 
after  the  movement  of  water  has  accomplished  the  os- 
motic readjustment.  Needless  to  say,  these  processes  are 
simultaneous,  not  successive,  but  such  graphical  analysis, 
though  for  this  and  other  reasons  not  quite  accurate, 
greatly  facilitates  the  understanding  of  the  complex 
reality. 
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Readjustment  of  the  Heterogeneous  Equilibrium 


When  the  small  quantities  of  base  bound  by  serum  pro- 
tein and  the  small  osmotic  effect  of  hemoglobin  are  taken 
into  account,  the  conditions  are  as  represented  in  figure 
21,  which  is  based  upon  experimental  observations  of  Van 
Slyke,  AYu,  and  McLean.  Such  considerations  may  be  ex- 
tended to  take  account  of  still  wider  variations  of  condi- 
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tions.  Proceeding  in  this  manner,  Van  Slyke,  Wu,  and 
McLean  have  obtained  an  equation,89 


1- 


(BP)c  +  (Hb) 


(BP) 


2(B)c-(BP)e+(Hb)0   '   2(B)S-2(BP)8 


(11) 


which  approximately  defines  the  values  of  r  for  all  condi- 
tions in  normal  mammalian  blood.  In  this  equation  it 
should  be  noted  that  concentrations  are  expressed  in  units 
per  kilogram  of  whole  blood.  This  equation  yields  figure 

89  Van  Slyke,  Wu,  and  McLean,  Journal  of  Biological  Chemistry, 
LVI,  776,  785  (1923). 
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Fig.  22 
Values  of  r  and  of  pH8 :  Calculated 
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22,  on  which  values  of  r  for  oxygenated  and  reduced  blood 
are  represented  as  functions  of  pH8. 

These  results  of  an  approximate  theoretical  treatment 
of  the  heterogeneous  ionic  equilibrium  have  been  experi- 
mentally tested  by  Van  Slyke  and  his  collaborators,90  and 
by  my  collaborators  at  the  Massachusetts  General  Hospi- 
tal.91 In  view  of  the  complexity  of  the  phenomena  and  the 
large  number  of  simplifying  assumptions,  the  agreement 
between  fact  and  theory  is  satisfactory.  A  few  data,  for 
comparison  with  the  theory,  are  given  in  figure  23.  The 
most  striking  discrepancy  between  fact  and  theory  is  to 
be  seen  in  the  difference  between  the  values  of  r  for  chlo- 

90  Van  Slyke,  Hastings,  Murray,  and  Sendroy,  Journal  of  Biological 
Chemistry,  LXV,  701  (1925). 

91  Bock,  Dill,  Hurxthal,  Lawrence,  Coolidge,  Dailey,  and  Henderson, 
Journal  of  Biological  Chemistry,  LXXIII,  749  (1927). 
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ride  and  bicarbonate  ions.  Taking  all  observations  into 
account,  we  have,  roughly, 

[Cl~]c  _C)q  [HCQ3-]C  Q2) 

[Cl-]e-0[HC03-]s' 

a  result  which  suggests  that  the  most  important  unknown 
factor  in  this  equilibrium  may  be  the  activity  coefficients 
of  the  two  ions  in  the  two  phases. 

A  similar  theoretical  analysis  based  upon  the  same  as- 
sumptions leads  Van  Slyke,  Wu,  and  McLean  to  an  ex- 
pression for  the  osmotic  equilibrium  between  cells  and 
plasma  in  terms  of  water  distribution  and  the  variables 
above  considered  :92 

mm    -mm  2(B)C- (BP)C  + (Hb)  (13) 

(H20)c  -  (H20)B  2(B)B-(BP)8-(BP)c  +  (Hb) '       U  > 

and  this  may  also  be  represented  graphically  in  conven- 
ient form  as  in  figure  24.  Here  cell  volume  is  given  as  a 
function  of  pHs  and  of  concentration  of  hemoglobin.  In 
this  case,  also,  the  facts  experimentally  determined  agree 
approximately  with  the  theory. 

It  can  hardly  have  escaped  the  reader  that  such  theo- 
retical considerations  must  also  find  application  to  the 
exchanges  between  blood  plasma  and  the  cells  of  the  body 
and  to  exchanges  between  blood  plasma  and  other  body 
fluids,  such  as  lymph,  cerebro-spinal  fluid,  edema  fluid, 
and  urine.  While  exchanges  between  blood  or  lymph  and 
protoplasm  have  not  yet  been  brought  within  the  scope  of 
our  investigations,  the  relations  between  plasma  and 
other  fluids  are  in  some  respects  well  defined.  Thus  it  has 
been  shown  by  Mestrezat93  that  cerebro-spinal  fluid  when 
dialyzed  against  serum  suffers  no  measurable  change  in 
composition,  and  the  same  observation  has  been  made  by 

92  Van  Slyke,  Wu,  and  McLean,  Journal  of  Biological  Chemistry, 
LVI,  781  (1923). 

93  W.  Mestrezat,  Le  liquide  cephalo-rachidien  normal  et  pathologique, 
Paris,  1912. 
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Loeb,  Atchley,  and  Palmer94  for  the  two-phase  system 
comprising  edema  fluid  and  serum.  There  is  no  evidence 
to  show  that  any  of  the  ions  of  serum  are  unable  to  pass 
over  into  the  other  fluids,  and  it  is  certain  that  sodium,  as 
well  as  the  anions  can  do  so.  Hence,  it  is  apparent  that  a 
condition  nearly  or  quite  indistinguishable  from  equilib- 
rium exists  between  blood  and  some  of  the  other  fluids 
of  the  body,  and  that  this  equilibrium  is  not  subject  to  the 
condition  restricting  the  movement  of  cations  between  the 
two  phases  which  exists  in  blood.  Nevertheless,  there  are 
considerable  differences  in  composition  between  blood 
plasma,  on  the  one  hand,  and  cerebro-spinal  fluid  or  edema 
fluid,  on  the  other  hand.  Proteins  make  up  about  seven 

94  Loeb,  Atchley,  and  Palmer,  Journal  of  General  Physiology,  IV, 
591  (1921-1922). 
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per  cent  of  the  whole  mass  of  plasma,  but  ordinarily  less 
than  four  per  cent  of  the  mass  of  edema  fluid,  where  they 
are  often  present  only  in  traces.  The  composition  of 
cerebro-spinal  fluid  is  similar. 

Here  we  may  consider  the  case  where  proteins  are  ab- 
sent from  the  second  phase  and,  as  a  rough  approxima- 
tion, treat  electrolytes  as  if  they  consisted  exclusively  of 
the  univalent  salt  BA.  In  serum,  the  concentration  of  BP 
is  about  12  milliequivalents  per  liter.  Hence,  by  an  analy- 
sis similar  to  that  which  leads  to  equations  8  and  9,  the 
concentration  of  B+  in  plasma  must  be  greater  than  that 
in  edema  fluid  and  the  concentration  of  A"  in  serum  must 
be  less  than  that  in  edema  fluid  by  one-half  the  concentra- 
tion of  BP,  or  six  millimoles  per  liter.  Also,  in  accordance 
with  the  Gibbs-Donnan  law  we  have 

(A-).  _=(B+)E 
(A-)E        (B*).-    " 

For  blood  serum,  (A-)  is  approximately  150  millimoles 
per  liter,  and  (B+)  approximately  162  millimoles  per  liter. 
Therefore, 

150  __  156  __ 

156  "  162  ~  T ' 

an  expression  in  which  the  approximate  character  of  the 
discussion  is  obvious.  From  these  equations  we  have, 

r  =  0.96. 

The  observations  of  Salvesen  and  Hastings95  on  a  case 
in  which  edema  fluid  was  nearly  free  from  protein  are 
given  in  the  following  table : 

TABLE  6. 
Serum  Fluid  r 

(HCO3-)     29-3  30-4  °-964 

(C1-)    116.8  120.0  0.973 

(Na+)     166.8  156.2  0.937 

Mean    0.96 

95  Cf.  D.  D.  Van  Slyke,  Factors  Affecting  the  Distribution  of  Elec- 
trolytes, Water,  and  Gases  in  the  Animal  Body,  Philadelphia  and  Lon- 
don, 1926. 
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Other  observations  yield  similar  values  of  r,  and  the 
agreement  between  facts  and  theory  is  satisfactory.  In 
the  case  of  cerebro-spinal  fluid,  there  seems  to  be  a  some- 
what less  close  agreement  between  theory  and  obser- 
vation, which  may  be  due  to  a  less  close  approach  to 
equilibrium,  or  perhaps  to  unsuitable  methods  of  experi- 
mentation. But  there  can  be  little  doubt  that  the  Gibbs- 
Donnan  theory  explains  all  the  important  features  of  the 
case. 

Under  these  circumstances,  however,  the  distribution 
of  water  presents  a  more  complex  problem,  for  here  there 
arises,  at  least  in  simple  cases,  a  tendency  to  a  great  in- 
crease in  the  volume  of  the  phase  containing  the  non- 
diffusible  substance.  In  this  manner  remarkable  osmotic 
phenomena,  which  have  been  studied  by  Proctor  and  Wil- 
son96 and  by  Loeb,97  may  occur.  Within  the  blood  this  is 
not  the  case,  since  the  restriction  of  movement  of  base  be- 
tween cells  and  plasma  permits  equilibrium,  without  the 
intervention  of  mechanical  pressure  or  surface  tension  to 
check  the  movement  of  water.  But  possibly  in  the  ex- 
changes between  plasma  and  other  fluids,  and  certainly 
in  simple  artificial  systems,  osmotic  phenomena  which  can 
only  be  balanced  by  significantly  large  mechanical  pres- 
sures play  a  part.  It  was  this  fact  which  interfered  with 
my  early  experiments  on  equilibrium  in  heterogeneous 
protein  systems. 

The  explanation  of  the  fact  is  as  follows :  Let  there  be 
a  two-phase  system  containing  in  phase  I  the  diffusible 
ions  Na+  and  Cl~  and  the  non-diffusible  ion  P~,  in  phase  II 
only  Na+  and  CI".  Then  we  have 

_  (CI-)!         (Na+)n 
r~  (Cl-)n         (NaV 

therefore       (Na+)x  X  (Cl-)i  =  (Na+)„  X  (Cl-)n. 

96  Proctor  and  Wilson,  Journal  of  the  Chemical  Society,  CIX,  307 
(1916). 

97  J.  Loeb,  Proteins  and  the  Theory  of  Colloidal  Behavior,  New  York 
and  London,  1922. 
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Also  (Na+)I  =  (Cl-)I  +  (P-)i, 

therefore  (Na*)!  >(Cl-)i. 

Moreover  (Na+)n  =  (Cl-)n. 

But  since  the  perimeter  of  a  square  is  less  than  that  of 
any  other  rectangle  of  equal  area,  we  have 

(Na+),  +  (Cl-)i  >  (Na+)2  +  (Cl-)2, 

and,  a  fortiori, 

(Na+):  +  (CI-)!  +  (P-),  >  (Na+)„  +  (Cl-)n. 

Or,  in  words,  the  concentration  of  phase  I  is  greater  than 
that  of  phase  II.  Therefore  there  is  a  tendency  for  water 
to  pass  from  phase  II  to  phase  I. 

In  accordance  with  this  consideration,  Van  Slyke98  esti- 
mates the  mechanical  pressure  necessary  to  establish 
equilibrium  between  blood  plasma  and  protein-free  lymph 
as  25  mm.,  of  which  one-fifth  is  due  to  the  unequal  distri- 
bution of  diffusible  ions  in  question,  and  four-fifths  to  the 
osmotic  effect  of  the  plasma  proteins.  This  is  of  the  same 
order  as  measurements  by  Schade  and  Claussen,"  and  by 
Hastings.100  Thus  a  study  of  heterogeneous  equilibrium 
by  means  of  the  Gibbs-Donnan  theory  explains  in  a  more 
ample  manner  the  process  of  lymph  formation  as  de- 
scribed by  Starling.  The  problems  of  edema  have  also 
been  clarified  by  the  applications  of  the  laws  of  hetero- 
geneous equilibrium  and  through  studies  of  the  composi- 
tion of  blood  plasma  in  pathological  conditions.  But  at 
this  point  much  remains  to  be  done  before  the  subject  can 
be  expected  to  yield  to  systematic  rational  analysis. 

98  D.  D.  Van  Slyke,  Factors  Affecting  the  Distribution  of  Electro- 
lytes, Water,  and  Gases  in  the  Animal  Body,  chap.  II,  Philadelphia  and 
London,  1926. 

99  Schade  and  Claussen,  Zeitschrift  fur  Klinische  Medizin,  C,  363 
(1924). 

100  D.  D.  Van  Slyke,  Factors  Affecting  the  Distribution  of  Electro- 
lytes, Water,  and  Gases  in  the  Animal  Body,  p.  37,  Philadelphia  and 
London,  1926. 
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Progress  is  also  being  made  in  the  application  of  the 
principles  with  which  we  have  dealt  in  this  chapter  to  the 
study  of  the  formation  of  cerebro-spinal  fluid  and  of 
urine.  These  questions  we  can  but  note  in  passing,  since 
our  problem  is  a  restricted  one. 

Up  to  this  point  we  have  been  concerned  with  a  mere 
analytical  description  of  the  physico-chemical  changes 
which  occur  in  blood  during  the  respiratory  cycle.  This 
description  is  now  completed,  or  at  least  concluded.  Pre- 
sented even  in  this  summary  and  simplified  form  the  facts 
must  seem  bewildering  in  their  complexity ;  yet  the  inter- 
relations between  them  are  even  more  difficult  to  grasp. 
Each  of  the  processes  which  we  have  studied  involves 
familiar  problems  of  physical  chemistry,  but  their  inter- 
action, though  no  less  physico-chemical,  leads  to  a  physio- 
logical problem,  that  of  their  harmonious  integration. 


CHAPTER  VI 
THE  PHYSICO-CHEMICAL  SYSTEM 

THE  parts  of  which  the  respiratory  activity  of  blood 
is  composed  are  now  before  us.  They  permit,  as  we 
have  seen,  a  clear  understanding  of  the  conditions 
and  reactions  of  the  components  of  the  physico-chemical 
system.  But  with  the  increase  of  our  knowledge  it  has  be- 
come more  and  more  difficult  to  conceive  the  harmonious 
interaction  of  these  parts  in  the  complex  physiological 
process.  Or,  to  speak  precisely,  it  has  become  increasingly 
difficult  to  return  from  the  study  of  our  manifold  physico- 
chemical  abstractions  to  the  more  concrete  physiological 
reality.  This  task,  which  we  must  now  undertake,  is  a 
difficult  one,  as  is  demonstrated  by  the  frequent  failure 
of  those  who  have  established  the  facts  to  understand 
their  wider  significance.  Without  the  aid  of  a  mathemati- 
cal method  it  is  indeed  an  impossible  task. 

We  commenced  the  present  study  with  a  postulate  that 
the  components  of  blood  of  which  the  treatment  is  neces- 
sary and  sufficient  for  the  description  of  the  respiratory 
function  are  eight: — H20,  C02,  02,  HC1  (including  HX), 
BOHs,  BOHc,  Ps,  Pc.  The  grounds  for  setting  up  this 
postulate  have  now  been  fully  explained.  It  was  tacitly 
assumed  in  my  early  work101  and  explicitly  adopted  by 
Van  Slyke,  Wu,  and  McLean.102  Like  all  simplifying  as- 
sumptions it  is  justified  by  its  success,  or  by  the  conven- 

101  L.  J.  Henderson,  Ergebnisse  der  Physiologie,  Jahrgang  VIII,  p. 
254  (1909) ;  L.  J.  Henderson,  Journal  of  Biological  Chemistry,  VII, 
29  (1909) ;  Spiro  and  Henderson,  Biochemische  Zeitschrift,  XV,  114 
(1909). 

102  Van  Slyke,  Wu,  and  McLean,  Journal  of  Biological  Chemistry, 
LVI,  765  (1923). 
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ience  that  it  affords,  and  will  remain  in  use  until  conven- 
ience prescribes  some  change. 

In  accordance  with  this  postulate  and  with  Gibbs's 
theory  of  heterogeneous  equilibrium  we  have,  for  any  of 
the  physiological  variables  like  total  carbonic  acid,  total 
oxygen,  pHs,  pHc,  r,  or  cell  volume,  an  equation  of  the 
type: 

Total  C02  =  <S>  {  p,  T,  (H20),  pC02,  p02, 

(HC1),  (BOH).,  (BOH)c>  (P).,  (P)e}  .     (1) 

Here  p,  or  total  pressure,  may  be  regarded  as  constant 
and,  if  we  restrict  our  studies  to  normal  mammals,  T  is 
also  constant.  Thus,  the  number  of  independent  variables 
is  reduced  by  two,  with  the  result  that  we  obtain  the  rela- 
tion: 

Total  C02  =  F  { (H20),  pC02,  p02,  (HC1), 

(BOH).,  (BOH)e,  (P)8,  (P)c},     (2) 

and  similarly  for  the  other  physiological  variables. 

In  the  case  of  total  carbonic  acid  we  have  already  re- 
viewed evidence  which  shows  that  this  quantity  varies 
not  only  with  carbon  dioxide  and  oxygen  partial  pres- 
sures, i.e.,  with  pC02  and  p02,  but  also  with  the  concen- 
trations of  cell  and  serum  proteins,  i.e.,  with  (P)c  and 
(P)s,  with  the  amount  of  available  base,  i.e.,  with 
(BOH).,  (BOH)c,  and  (HC1),  and  finally  with  the  state 
of  the  heterogeneous  equilibrium  between  cells  and 
plasma,  i.e.,  with  (H20)  and  (HC1).  Also  the  absorption 
curve  of  carbonic  acid  depends  upon  the  activity  coeffi- 
cients of  H20,  of  C02 ,  of  H2C03 ,  and  of  the  ion  HC03", 
all  of  which  vary  in  case  (H20)  and  (HC1)  vary  sensibly. 
Thus  it  may  be  seen  that  a  complete  description  of  the 
carbon  dioxide  absorption  of  mammalian  blood  must,  in 
fact,  involve  at  least  the  eight  independent  variables 
above  specified.  Indeed,  if  it  should  later  appear  that  the 
acid  groups  of  the  proteins  differ  in  any  important  de- 
gree from  species  to  species,  this  number  might  even  be 
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increased.103  But  no  evidence  exists  to  show  that  more 
than  these  eight  variables  need  now  be  considered. 

We  have  also  seen  that  total  oxygen,  hydrogen  ion  con- 
centration, volume  of  cells,  the  Donnan  r,  and  the  other 
variables  which  have  thus  far  engaged  our  attention  are 
all  functions  of  total  carbonic  acid.  Therefore  they  too  are 
functions  of  the  eight  independent  variables.  In  all  these 
cases,  also,  there  is  no  evidence  that  other  independent 
variables  need  to  be  considered. 

The  comparative  study  of  blood  has  not  yet  made  great 
progress,  and  the  explicit  forms  of  all  of  these  equations 
in  eight  independent  variables  remain  unknown.  In  gen- 
eral, existing  knowledge  of  the  facts  has  been  acquired  by 
the  study  of  blood  which  has  been  removed  from  the  body 
and  in  which  the  masses  of  the  components  H20,  HC1, 
BOH8,  and  BOHc,  P3  and  Pc  are  all  constant,  though 
varying  from  specimen  to  specimen,  while  only  pC02  and 
p02  remain  as  independent  variables.  If  temperature  also 
is  held  constant,  we  have,  in  contrast  with  the  case  of 
mammalian  blood  in  general,  for  each  specimen  of  blood 
relatively  simple  equations  of  the  type 

TotalC02  =  /1(pC02,p02),  (3) 

Total  02  —  U  (pC02,  p02).  (4) 

And  these  two  equations  are,  in  fact,  the  analytical  ex- 
pression of  the  discoveries  of  Bohr,  Hasselbalch,  and 
Krogh104  and  of  Christiansen,  Douglas,  and  Haldane.105 

The  case  of  the  acid-base  equilibrium  is  not  different 
from  those  of  the  absorption  of  oxygen  and  of  carbon  di- 
oxide. Here  we  have  (equation  6,  page  42). 

rH+l         V    C'PC0* 

Ln  js_a,   [BHCOs]s- 

103  The  experience  of  Van  Slyke's  laboratory  shows  that  differences 
in  the  hemoglobins  of  different  mammalian  species  are  small  but  meas- 
urable. 

104  Bohr,  Hasselbalch,  and  Krogh,  Skandinavisches  Archiv  fur 
Physiologie,  XVI,  411  (1904). 

105  Christiansen,  Douglas,  and  Haldane,  Journal  of  Physiology, 
XLVIII,  244  (1914). 
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But  we  may  deduce  from  equation  3  that  the  quantity 
[BHC03]s  is  a  function  of  pC02  and  of  p02.  Therefore, 
we  have  also 

[H+]8  =  /3(pC02,p02).  (5) 

Again,  according  to  Van  Slyke,  Wu,  and  McLean,  the 
Donnan  r,  as  well  as  v,  the  volume  of  the  red  cells,  is  a 
function  of  hydrogen  ion  concentration  and  of  the  degree 
of  oxygenation  of  hemoglobin,  therefore,  since  the  two 
latter  variables  are  both  functions  of  pC02  and  of  p02 
(equations  4  and  5),  we  have 

r:=/4(pC02,p02),  (6) 

V  =  /5(PC02,P02),  (7) 

and  similarly  for  all  the  other  physiological  variables. 

The  five  equations,  3,  4,  5,  6,  and  7,  state  as  abstractly 
as  possible  the  facts  discussed  in  the  preceding  lectures. 
They  include  seven  variables — pC02,  p02,  total  carbonic 
acid,  total  oxygen,  the  hydrogen  ion  concentration,  and 
the  quantities  r  and  v — one  less  than  the  number  of  com- 
ponents of  the  system,  and  they  suffice  for  a  complete  ap- 
proximate characterization  of  any  specimen  of  mamma- 
lian blood. 

If  it  were  not  for  certain  simplifying  assumptions  such 
as  that  of  a  general  law  defining  the  value  of  r,  with  or 
without  constant  differences  for  the  different  anions,  and 
that  of  osmotic  equilibrium,  the  case  would  be  different. 
The  necessary  equations  would  then  be  six  in  number, 
like  the  number  of  components  of  constant  mass,  and  the 
total  number  of  variables  would  be  eight.  It  seems  possi- 
ble that  another  equation  defining  independent  variations 
in  the  values  of  the  several  r's  may  soon  be  necessary 
and,  in  that  case,  the  number  of  equations  will,  in  fact,  be 
six,  the  number  of  variables  eight. 

It  is  evident  that  if  we  possessed  complete  information 
concerning  the  activities  of  each  of  the  six  components  of 
constant  mass  in  terms  of  the  two  variable  components 
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we  could  deduce  from  this  information  all  necessary  in- 
formation concerning  the  physiological  activity  of  blood. 
But  theoretical  treatment  of  the  system  has  not  reached 
the  necessary  stage  of  perfection  to  make  this  possible. 
Thus  the  choice  of  the  five  variables,  total  oxygen,  total 
carbonic  acid,  hydrogen  ion  concentration  of  serum,  the 
Donnan  r,  and  cell  volume,  is  an  arbitrary  one,  or  rather 
a  result  of  the  successive  steps  in  the  development  of  the 
subject.  Within  limits,  some  other  choice  of  seven  vari- 
ables would  also  serve,  but  the  present  choice  is  conven- 
ient and  has  been  proved  to  be  sufficient,  with  the  excep- 
tion of  the  possible  independent  variations  of  the  values 
of  r  just  mentioned. 

It  is  hardly  necessary  to  say  that  the  choice  of  the  con- 
centrations of  the  components  as  variables,  though  theo- 
retically an  obvious  one,  would  be  very  inconvenient  in 
biological  studies.  But  any  choice  must  be  such  that  by 
elimination  among  the  equations,  including  the  equations 
defining  the  chosen  variables  as  functions  of  the  com- 
ponents, it  shall  be  ideally  possible  to  obtain  five,  or,  if 
the  component  H20  be  included,  six  equations  containing 
only  the  potentials  of  the  seven  or  eight  components  as 
variables. 

To  sum  up,  the  facts  now  known  may  be  represented  by 
a  series  of  equations  which  differ  more  or  less  for  each 
specimen  of  blood.  The  experimentally  determined  equa- 
tions are  as  follows : 

Total  C02  =  /,  (pC02 ,  p02), 
Total  02  =  /2(pC02,p02), 

[H+]8  =  ^(pC02,[BHC03]8), 
r  =  *4([H*],[Hb02]), 

t,  =  </>,(  [H+],[Hb02]). 

But  the  last  three  equations  may  all  be  transformed  so 
as  to  yield  the  following  set  of  five  equations : 

Total  C02  =  A  (PC02,  p02),  (3) 

Total  02  =  /2(pC02,p02),  (4) 
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[H+]8  =  /3(pC02,p02),  (5) 

r  =  MpCOa,pOa),  (6) 

^  =  /5(pC02,p02).  (7) 

When  the  facts  are  presented  in  this  form,  which  states 
a  mere  truism,  the  problem  begins  to  take  shape.  Evi- 
dently each  of  these  five  equations  is  a  partial  description 
of  blood,  while  the  five  together  include,  in  part  explicitly 
and  in  part  implicitly,  a  complete  description  of  the  proc- 
esses involved  in  the  respiratory  function.  Thus  a  single 
equation  taken  by  itself  can  but  mislead  us  concerning  the 
totality  of  the  system.  So  it  was  that  when  years  ago 
Barcroft  completed  his  studies  which  defined  the  relation 
between  oxygenation  of  blood,  oxygen  pressure,  and  car- 
bon dioxide  pressure,106  and  I  explained  the  condition  of 
the  acid-base  equilibrium,107  each  of  us  not  unnaturally 
supposed  that  the  problems  we  had  studied  were  solved. 
But  this  was  true  only  in  a  very  restricted  sense,  for 
other  variables  were  involved  in  the  phenomena  and  these 
variables  were  not,  as  is  so  often  the  case  in  the  highly 
abstract  researches  of  the  physicists  and  of  the  chemists, 
theoretically  irrelevant.  On  the  contrary,  they  were  no 
less  to  the  point  than  the  subjects  of  our  investigations. 
We  were  studying  different  aspects  of  the  same  thing, 
but  we  did  not  recognize  the  fact,  for  the  nature  of  the 
;  0        S  phenomenon  escaped  us. 

Even  the  five  equations,  3,  4,  5,  6,  and  7,  state  only  a 
small  part  of  what  may  be  deduced  from  them.  There  are, 

7X6X5 

in  fact, - =  35  combinations  among  seven  objects, 

o  X  ^  X  1 

taking  three  at  a  time.  Therefore,  there  exist  35  analo- 
gous expressions  describing  the  respiratory  changes  in 
blood  and  it  was  by  chance  that  five  in  particular  were 
first  discovered. 

106  J.  Barcroft,  The  Respiratory  Function  of  the  Blood,  1st  ed., 
Cambridge,  England,  1914. 

107  L.  J.  Henderson,  Ergebnisse  der  Physiologie,  Jahrgang  VIII,  p. 
254  (1909). 
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The  nature  of  the  case  may  be  illustrated  by  means  of 
an  example  taken  from  elementary  mathematics.  Let  us 
consider  the  five  equations : 

z  =  x  +  y, 
u  =  x  —  y, 
v  =  x  +  2y, 
u  =  x  —  2y, 
r2  =  x2  +  y2. 

Each  of  these  equations  corresponds  to  a  contour  line 
chart  which  may  be  readily  constructed.  For  example, 
figure  25  is  such  a  geometrical  representation  of  the  equa- 
tion z  =  x  +  y  and  figure  26  of  the  equation  u  —  x  —  y. 

Also  it  is  easy  to  obtain  from  these  five  equations  30 
others,  each  in  three  variables.  For  instance,  by  addition 
of  the  first  and  second,  we  have 

Next  it  may  be  noted  that  two  or  more  contour  line 
charts,  provided  they  have  the  same  Cartesian  coordi- 


Vwvw 

V       N*       N3      N4      N5       V  2 


x  +  y  =2 

Fig.  25 
Contour  Line  Chart 
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nates,  may  be  combined,  just  as  a  geological  map  may  be 
superposed  on  a  topographical  map,  following  that  if  de- 
sired with  a  political  map,  an  ethnographical  map,  and 
so  on  indefinitely. 


Fig.  26 
Contour  Line  Chart 


Figure  27  is  the  result  of  such  a  combination  of  figures 
25  and  26.  It  expresses  all  that  is  expressed  by  these  two 
figures  and,  in  addition,  whatever  may  be  deduced  from 
them  when  both  are  known.  In  other  words,  it  is  the  ex- 
pression of  four  equations : 

z  —  x  +  y, 

u  —  x  —  y, 
z  +  u  =  2x, 
z  —  u  =  2y. 

Nothing  is  simpler  than  to  continue  this  process,  first 
constructing  contour  line  charts  for  the  three  remaining 
equations  of  the  original  five : 

v  —  x  +  2y, 
u  =  x  —  2y, 
r2  =  x2  -{-  y2, 
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Fig.  27 
Cartesian  Nomogram 


and  then  superposing  these  upon  figure  27.  The  resulting 
Cartesian  nomogram,  the  representation  of  which  pre- 
sents no  particular  interest,  must  evidently  define  at  once 
all  that  the  35  contour  line  charts  or  the  35  equations  in 
three  variables  can  yield. 

On  such  a  figure  it  is  in  general  possible,  when  values 
of  two  variables  are  given,  to  obtain  those  of  all  the 
others.  Thus,  from  figure  27,  given  z  =  7  and  u  =  1,  we 
read  x  =  4  and  y  =  3,  a  result  that  can  be  obtained  ana- 
lytically only  by  solving  the  two  simultaneous  equations, 

x  +  y  =  7, 
x  —  y  =  l, 

and  that  can  not  be  obtained  directly  from  figures  25  and 
26.  Such  use  of  figure  27  depends  upon  the  fact  that  the 
position  of  a  point  in  a  plane  is  determined  by  two  co- 
ordinates, while  on  such  a  nomogram  as  figure  27  every 
point  has  several  coordinates. 
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We  shall  now  turn  from  this  trivial  example  to  the 
analogous  but  more  difficult  problem  of  the  nomographic 
representation  of  the  facts  considered  in  the  preceding 
chapter.  The  construction  of  a  complete  nomogram  may- 
be conveniently  begun  with  the  help  of  the  oxygen  and 
carbon  dioxide  dissociation  curves.  For  the  present  pur- 
poses, we  have  at  our  disposal  data  concerning  these 
curves  and  other  necessary  data  obtained  from  studies  of 
the  blood  of  T.J.F.,  a  patient  suffering  from  pernicious 
anemia.  The  measurements  were  all  made  on  one  day, 
March  23, 1927,  at  a  time  when  the  feeding  of  liver  during 
a  period  of  two  months  had  restored  the  blood  to  a  nearly 
normal  condition.  The  amount  of  hemoglobin  and  the 
number  and  volume  of  red  cells  are,  indeed,  in  the  lower 
ranges  of  normal  variations,  but  in  no  sense  pathologi- 
cally low.  The  red  cells,  possibly  as  a  result  of  the  pres- 
ence of  nuclear  material,  are  somewhat  different  in  com- 
position from  those  of  a  normal  man  and  there  are  other 
slight  departures  from  the  normal  which,  however,  will 
cause  no  inconvenience  at  this  stage  of  our  exposition. 
This  case  is  chosen,  first,  because  it  is  desirable  to  demon- 
strate the  method  that  may  be  employed  in  obtaining  a 
complete  description  of  the  blood  with  but  a  small  num- 
ber of  experimental  observations,  and,  secondly,  because 
many  of  the  data  appear  to  be,  by  good  fortune,  some- 
what more  consistent  than  is  often  the  case  when  work 
has  been  done  hastily  and  observations  are  few. 

As  a  beginning  of  a  synthetic  treatment  of  the  blood  of 
T.J.F.  on  March  23,  we  may  take  the  experimental  data 
which  give  the  total  carbonic  acid  content  of  whole  blood 
and  of  true  plasma,  equilibrated  against  different  pres- 
sures of  carbon  dioxide  and  oxygen.  These  data  are  col- 
lected in  table  7. 
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TABLE  7. 

Experimental  data  for  carbon  dioxide  dissociation 

curves  of 

T.J.F.  on 

March  23, 

1927. 

Total  C02 

Calculated 

Whole 

True 

Remarks 

Pco2 

P02 

Hb02 

blood 

plasma 

per  cent 

vols. 

vols. 

mm.  Hg 

mm.  Hg 

saturation 

per  cent 

per  cent 

Arterial  blood ; 

first  sample  . . 

38.5 

air 

100 

48.70 

Arterial  blood ; 

second  sample 

38.7 

air 

100 

49.90 

Venous  blood   . . 

20.6 

air 

100 

38.19 
39.20 

45.52 

Venous  blood  . . 

100.0 

air 

100 

67.82 

74.37 

Venous  blood   . . 

15.7 

5.2 

10 

37.95 

43.75 

Venous  blood  . . 

44.8 

9.5 

12 

54.66 

62.35 

Venous  blood   . . 

82.0 

15.2 

13 

66.72 

74.82 

They  have  been  plotted  on  figure  28,  after  applying  a 
small  linear  correction  to  the  observations  on  partially 
reduced  blood,  in  order  to  obtain  values  corresponding 
to  complete  reduction.  It  will  be  remembered  that  at  con- 
stant hydrogen  ion  concentration  equal  changes  in  oxy- 
genation (per  cent  saturation  of  Hb02)  are  accompanied 
by  equal  changes  in  base  bound  by  hemoglobin.  Also, 
equal  small  changes  in  hydrogen  ion  concentration  are 
accompanied  by  equal  small  changes  in  base  bound  by 
hemoglobin.  Finally,  changes  in  base  bound  by  hemoglo- 
bin are  equal,  other  things  being  equal,  to  changes  in 
bicarbonate. 

On  figure  28  curves  corresponding  to  completely  oxy- 
genated and  completely  reduced  whole  blood  and  true 
plasma  have  been  drawn.  These  curves  have  been  chosen 
in  conformity  with  three  conditions :  First,  they  must  fit 
the  data  as  well  as  possible.  Secondly,  they  must  have  the 
form  which  long  experience  proves  to  be  that  of  all  car- 
bon dioxide  dissociation  curves  of  human  blood.  Thirdly, 
all  curves  must  have  approximately  the  same  curvature 
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Fig.  28 
Carbon  Dioxide  Dissociation  Curves  of  Whole  Blood  and  True  Plasma 


at  corresponding  points  throughout  a  wide  range  of  car- 
bon dioxide  pressures,  a  relation  which  is  known  to  hold 
for  all  carbon  dioxide  dissociation  curves  of  the  same 
specimen  of  blood. 

In  case  difficulty  is  encountered  in  thus  constructing 
smooth  best-fitting  curves,  recourse  may  be  had  to  the  use 
of  a  graph  of  log  pC02  against  log  total  C02 .  In  this  case 
all  curves  are  known  to  be  approximately  straight  lines 
above  carbon  dioxide  pressures  of  20  to  30  mm.  and  for 
the  same  specimen  of  blood  these  lines  are  nearly  parallel, 
but  ordinarily  slightly  convergent  as  carbon  dioxide  pres- 
sures increase.  Figure  29  is  such  a  representation  of  the 
corrected  data  of  table  7. 
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From  the  curves  of  figure  28  or  figure  29,  table  8  is  con- 
structed. Some  of  the  columns  of  that  table  are  obtained 
directly  from  the  curves,  the  others  by  calculation,  mak- 
ing use  of  the  relations  expressed  by  the  following  equa- 
tions : 

[H2C03]  =  pC02  X  [H20]  X  0.0726,  (8) 

where  [H20]B  =  865  and  [H20]a  =  943, 

and         PH8  =  6.12  +  log  [BHC03]s  -  log  [H2C03]8.  (9) 
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Fig.  29 
Logarithmic  Carbon  Dioxide  Dissociation  Curves 


In  equation  8  a  small  error  is  introduced  if  [H20]8  be 
taken  as  constant.  The  mean  value  of  this  quantity  is,  as 
stated,  about  943  and,  since  the  variations  for  the  ranges 
of  the  table  in  volume  of  cells  and  volume  of  serum  are 
approximately  two  per  cent,  the  variation  in  [H20]8 
(water  per  liter  of  serum)  is  about  ±0.1  per  cent,  as  the 
following  calculation  shows : 
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Given  the  weight  of  one  liter  serum,  1027  g. ;  water  per 
liter  serum,  943  g. ;  solids  per  liter  serum,  84  g.  Let 
changes  in  volume  of  cells  and  serum  be  equivalent  to  the 
passage  of  10  g.  of  water  per  liter  blood  from  cells  to 
plasma  or  from  plasma  to  cells.  Then  the  extreme  values 

953 
for  water  per  liter  serum  will  be  approximately and 


1010 


933 


—  or  944  and  942  respectively.  Here  the  variation  from 
990  ^  J 

the  mean  is  only  ±0.1  per  cent,  which  is  negligible  in  cal- 
culating the  values  of  [BHC03]B,  [H2C03]8,  and,  there- 
fore, of  pH8 . 

We  turn  next  to  the  data  concerning  equilibrium  be- 
tween blood  and  oxygen  at  different  pressures  of  oxygen 
and  of  carbon  dioxide.  These  data  are  given  in  table  9. 


TABLE  9. 

Experimental  data  for  oxygen  dissociation  curves  of  T.J.F.  on  March  23,  1927. 

Corrected 


Total  02 

Hb02 

Oxygen 

Corrected 

oxygen 

Correct* 

Pco2 

p02 

content 
vol. 

content 
vol. 

saturation 

Pco2 

saturation 

R 

mm.  Hg 

mm.  Hg 

per  cent 

per  cent 

per  cent 

mm.  Hg 

per  cent 

19.2 

19.9 

7.77 

7.72 

48.3 

20.0 

48.0 

1.084 

23.8 

34.6 

11.73 

11.64 

72.7 

20.0 

74.1 

0.349 

21.2 

45.8 

14.38 

14.27 

89.2 

20.0 

89.8 

0.113 

23.0 

73.5 

15.42 

15.24 

95.2 

20.0 

95.7 

0.045 

43.3 

25.7 

7.58 

7.52 

47.0 

40.0 

48.3 

1.075 

40.6 

39.9 

12.14 

12.04 

75.2 

40.0 

75.4 

0.325 

38.5 

49.5 

13.37 

13.25 

82.8 

40.0 

82.4 

0.214 

42.3 

65.7 

14.59 

14.42 

90.1 

40.0 

90.4 

0.108 

82.8 

29.0 

5.28 

5.21 

32.6 

80.0 

33.4 

2.000 

84.3 

62.9 

13.43 

13.27 

82.9 

80.0 

83.3 

0.200 

Here  again  a  small  correction  must  be  applied  in  order 
to  bring  the  observations  to  three  exact  values  of  pC02, 
40  mm.,  and  80  mm. 
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In  this  case,  also,  a  linear  correction  may  be  made  in  ac- 
cordance with  the  facts  as  presented  in  Chapter  IV.  Prac- 
tically, however,  it  is  more  convenient  to  apply  the  small 
correction  obtained  from  inspection  of  the  oxygen  disso- 
ciation curves  of  A.V.B. 
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From  the  data  of  table  9,  figure  30  is  constructed.  The 
values  of  the  two  last  columns  are  shown  as  points  and 
curves  are  drawn  to  fit  these  points  with  the  restrictions 
(1)  that  they  must  conform  to  the  known  shape  of  oxygen 
dissociation  curves  and  (2)  that  their  spacing  must  corre- 
spond to  the  values  represented  by  all  the  points.  In  this 
case  also  the  use  of  logarithms  simplifies  the  curves  and 
facilitates  the  construction.  Figure  31  presents  this  loga- 
rithmic transformation.  From  figure  30  or  figure  31  table 
10  is  constructed. 
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Next  we  may  undertake  a  synthetic  treatment  of  the 
carbonic  acid  and  oxygen  dissociation  curves  of  whole 
blood.  From  table  8  figure  32  is  constructed.  Here  values 
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of  combined  oxygen  (volumes  per  cent  of  Hb02)  are 
plotted  as  abscissas,  values  of  total  carbonic  acid  as  ordi- 
nates,  while  values  of  carbon  dioxide  pressure  appear  as 
contour  lines.  These  lines  are  straight  for  reasons  above 
stated. 

The  next  step  consists  in  applying  the  data  of  table  10 
to  figure  32  as  follows :  Beginning  with  p02  =  5  mm.  (the 
first  row  of  table  10)  we  select  the  pair  of  values  pC02  = 
20  mm.,  Hb02  =  1.44  volumes  per  cent,  find  the  point  on 
figure  32  where  the  abscissa  corresponding  to  Hb02  = 
1.44  volumes  per  cent  cuts  the  contour  line  corresponding 
to  pC02  =  20  mm.  and  mark  it.  This  process  is  then  re- 
peated for  the  other  pairs  of  values  of  Hb02  and  pC02  of 
the  first  row  of  the  table  and  the  three  points  thus  ob- 
tained are  joined  by  a  smooth  curve.  This  curve  is  the 
contour  line  for  p02  =  5  mm.  The  process  is  now  repeated 
for  p02  =  10,  20,  .  .  .  100  mm.  with  the  result  represented 
by  figure  33. 

This  is  a  Cartesian  nomogram  which  completely  illus- 
trates the  conditions  of  equilibrium  between  free  and 
combined,  or  approximately  total,  oxygen  and  free  and 
total  carbonic  acid,  relations  incompletely  expressed  by 
the  original  dissociation  curves.  Because  the  Cartesian 
coordinates  stand  for  values  of  total  carbonic  acid  and 
approximately  total  oxygen,  while  the  contour  lines  repre- 
sent the  two  independent  variables  pC02  and  p02,  which 
are  also  the  physiological  variables,  the  figure  is  in  some 
respects  the  most  useful  of  all  representations  of  the  blood 
equilibrium.  Accordingly,  we  shall  later  return  to  the  con- 
sideration of  the  relations  thus  expressed. 

We  may  next  take  account  of  the  values  of  pHs .  These 
are  given  in  table  8,  having  been  calculated  in  the  usual 
manner  (equation  9)  from  the  carbon  dioxide  dissociation 
curve  of  true  plasma  on  the  above  justified  assumption  of 
constant  water  content.  The  values  may  be  applied  to  fig- 
ure 32  without  difficulty.  The  result  is  figure  34. 

Next  in  order  is  the  question  of  variation  in  volume  of 
cells  and  plasma.  Here  direct  measurements,  unless  car- 
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ried  out  with  extreme  care,  have  been  thus  far  liable  to 
large  relative  errors.  It  is,  therefore,  expedient  to  be 
guided  by  theoretical  considerations  in  estimating  these 
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Fig.  33 
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BLOOD 


Fig.  34 
The  Inclusion  of  Values  of  pH£ 


changes.  However,  considerable  errors  in  estimation  of 
the  relative  magnitudes  of  volume  changes  produce  but 
slight  modifications  in  the  calculated  values  of  other  vari- 
ables and  are,  therefore,  of  secondary  importance. 

For  the  present  case,  we  have  four  measurements  of 
cell  volume  which  are  collected  in  table  11  and  supple- 
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mented  by  the  corrected  values  for  completely  reduced 
blood. 


TABLE  11. 


Cell  volumes  of  the  equilibrated  blood  of  T.J.F.  on  March  23,  1927. 


Pco2 

p02 

Hb02 
per  cent 

pHB 

Cell  volume 

nm.  Hg 

mm.  Hg 

saturation 

per  cent 

20.6 

air 

100 

7.61 

36.7 

100.0 

air 

100 

7.12 

38.1 

15.7 

5.2 

10 

7.72 

37.1 

82.0 

15.2 

13 

7.22 

38.3 

15.7 

0.0 

0 

7.73 

37.2 

82.0 

0.0 

0 

7.23 

38.3 

The  values  of  table  11  for  oxygenated  and  completely 
reduced  bloods  are  represented  as  points  on  figure  35.  On 
this  figure  theoretical  values  of  volume  as  a  function  of 
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pH8  obtained  from  Van  Slyke,  Wu,  and  McLean's  ap- 
proximation, 

(H2Q)C^  2(B)c-(BP)c  +  (Hb) 

(H20)B      2(B)b  -  (BP),  -  (BP)C  +  (Hb) ' 

with  the  use  of  our  observations  of  the  composition  of  the 
present  specimen  of  blood,  are  represented  as  curves. 

We  have  for  this  specimen  of  blood  the  following  meas- 
urements : 

(Hb)  =  6.8  millimoles  per  kilogram, 
(B)c=  40.8  millimoles  per  kilogram, 
(B)B=  91.6  millimoles  per  kilogram, 
( B )  B  =  132.4  millimoles  per  kilogram, 
( H20 )  B  =  822  g.  per  kilogram, 
(P)B=  40  g.  per  kilogram, 
GB  =      1.052. 

Substitution  of  these  values  in  the  above  equation  yields 
the  relation, 

88.4  -(BP), 


(H20)c  =  822 


271.6  -(BP)  8-  (BP)c' 


and  from  this  equation,  taking  account  of  the  known  rate 
of  change  of  the  quantity  pHc  with  change  of  pH8,  it  is 

VB 
possible  to  calculate  values  of  (H20)c  and  therefore  of  — 

*  B 

for  the  present  specimen  of  blood.  The  values  of  — £  differ 

*  B 

from  those  observed  with  the  hematocrit.  We  shall  em- 
ploy the  mean  hematocrit  reading  as  a  measure  of  mean 
cell  and  plasma  volumes,  but,  in  view  of  the  uncertainty 
concerning  the  magnitudes  of  small  differences  between 
small  numbers  of  hematocrit  readings,  the  theoretical 
values  for  estimating  changes  in  Vc  and  Vs.  The  lines 
on  figure  36  are  thus  drawn.  In  case  errors  are  thereby 
introduced  through  incorrect  estimates  of  BPC  they  can 
be  corrected  later  by  a  method  of  successive  approxima- 
tions when,  on  the  basis  of  the  values  of  Bs  and  Bc ,  esti- 


THE  PHYSICO-CHEMICAL  SYSTEM 


139 


mates  are  made  of  (BHC03)c.  On  figure  36  the  values  of 
figure  35  are  applied  to  the  Cartesian  background  of  fig- 
ure 32  after  taking  account  of  the  pH8  values  of  figure  34. 
The  estimation  of  (BHC03)c  is  a  simple  one.  We  have 
already  values  of  total  carbonic  acid  for  whole  blood  and 
true  plasma.  From  these,  concentrations  of  blood  bicar- 
bonate and  of  serum  bicarbonate  may  be  deduced  by  sub- 


Fig.  36 
The  Inclusion  of  Values  of  Cell  Volume 
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tracting  the  concentrations  of  free  carbonic  acid  calcu- 
lated from  the  values  of  pC02.  Concentration  of  serum 
bicarbonate  multiplied  by  serum  volume  then  gives  serum 
bicarbonate  per  liter  blood  and  this  quantity  subtracted 
from  the  concentration  of  blood  bicarbonate  gives  cell  bi- 
carbonate per  liter  blood.  Finally,  this  quantity  divided 
by  cell  volume  gives  the  concentration  of  bicarbonate  per 
liter  of  cells.  When  we  are  at  length  in  possession  of  the 
necessary  information  concerning  concentration  of  bicar- 
bonate per  liter  of  serum,  (BHC03)8,  and  per  liter  of 
cells,  (BHC03)c,  we  may  calculate  the  value  of  r  for  the 
bicarbonate  ion,  since  serum  water,  (H20)3,  and  cell 
water,  (H20)c,  are  also  known  from  the  values  of  V8  and 
Vc.  The  value  of  this  quantity  is,  in  fact,  given  by  the 
equation, 

(BHCO,).         (H20)8 


f*HC03"  


(H20) 


X 


(BHC03)8 


The  result  of  these  calculations  is  presented  on  figure  37, 
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while  figure  38  shows  the  application  of  the  same  result 
to  the  Cartesian  background  of  figure  32  with  the  help  of 
the  contour  lines  of  pHs . 

The  variation  in  the  apparent  values  of  the  Donnan  r 
for  the  ions  CI",  HC03",  and  H+  have  been  referred  to. 
Such  variations  may  be  provisionally  ascribed  to  differ- 
ences in  the  activity  coefficients  of  the  different  substances 


fwCO, 


Fig.  38 
The  Inclusion  of  Values  of  r 
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under  different  conditions.  Experiment  gives  for  these 
values  approximately  the  following  relations : 

_5 

*"cr  —  t*Phcc>3~> 
4 

8 

*H+  =  -  '  PHC03"  • 

5 

In  the  present  case  we  have  no  measurement  of  ph+  and 
must,  accordingly,  adopt  the  above  relation  in  our  fur- 
ther calculations.  The  values  of  rHco3"  are  themselves 
slightly  different  from  those  observed  in  other  cases  and 
in  this  respect  the  present  data  appear  to  be  somewhat 
less  consistent  with  Van  Slyke's  approximation  from 
theory  than  is  often  the  case.  This  discrepancy  is  possibly 
due  to  the  presence  of  nuclear  material  in  the  cells.  It  pro- 
duces, however,  no  significant  inconsistency  in  estima- 
tions of  other  concentrations  and  our  data  seem  to  agree 
approximately  as  well  with  the  data  of  Van  Slyke  as  the 
latter  data  do  with  the  theoretical  approximations. 

The  geometrical  transformations  just  described  have 
put  us  in  possession  of  figures  (32,  33,  34,  36,  and  38) 
giving  all  the  other  variables  (pC02,  p02,  pHs,  V  and  r) 
as  contour  lines  on  a  Cartesian  background  of  total  car- 
bonic acid  and  Hb02.  The  superposition  of  these  figures 
will,  therefore,  yield  a  Cartesian  nomogram  similar  to 
that  of  figure  18,  Chapter  V.  This  nomogram  presents  all 
the  information  included  in  the  several  contour  line  charts 
and  in  the  original  data.  Such  a  figure  is,  however,  diffi- 
cult to  read  because  of  the  large  number  of  lines.  It  will, 
therefore,  be  convenient  at  this  stage  to  undertake  a 
transformation  to  an  alignment  chart,  or  nomogram,  of 
the  type  invented  by  d'Ocagne.  The  necessary  construc- 
tion for  such  a  transformation  (figure  39)  is  as  follows  :108 

Let  Ox  and  Oy  be  the  axes  of  a  Cartesian  nomogram 
and  KL  any  straight  line.  Draw  two  parallel  axes  Au  and 

108  Henderson,  Bock,  Field,  and  Stoddard,  Journal  of  Biological 
Chemistry,  LIX,  386  (1924). 
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Fig.  39 
D'Ocagne's  Transformation 


Bv.  Now  read  the  Cartesian  coordinates,  xl9  yly  and  x2, 
y2,  of  any  two  points,  say  pt  and  p2,  of  the  line  KL.  On 
An  lay  off  (taking  account  of  sign)  the  distance  AM  =  xx 
and  on  Bv  the  distance  BP  =  yx.  Join  MP.  On  An  lay  off 
the  distance  AQ  =  x2  and  on  Bv  the  distance  BN  =  y2. 
Join  NQ.  Then  C,  the  point  of  intersection  of  MP  and 
NQ,  is  the  correlative  of  the  line  KL.  If  KL  is  one  of  sev- 
eral contour  lines,  points  corresponding  to  the  others  may 
be  found  by  the  same  method,  and,  upon  joining  all  these 
points,  a  scale  of  values  of  the  variable,  z,  corresponding 
to  the  contour  lines,  is  obtained. 

This  process  may  be  repeated  for  any  other  family  of 
contour  lines,  corresponding  to  values  of  any  other  vari- 
able, w,  on  the  same  Cartesian  background.  Graduation  of 
Au  and  Bv  to  represent  values  of  the  variables  x  and  y 
completes  the  construction. 
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The  chart  is  read  with  the  help  of  a  thread  stretched 
across  the  scales.  It  has  the  property  that  the  values  in- 
tercepted on  the  scales  by  any  straight  line  are  simul- 
taneous values  of  the  several  variables.  This  is  obvious, 
because,  on  such  a  chart,  a  straight  line  corresponds  to  a 
point  on  a  Cartesian  nomogram.  Therefore  the  intercepts 
of  the  line  on  the  scales  correspond  to  the  values  of  the 
variables  represented  by  the  scales  at  the  point  of  the 
Cartesian  nomogram  which  is  the  correlative  of  the 
straight  line  in  question. 

D  'Ocagne  's  method  has  been  widely  applied  and  many 
expositions  of  the  subject  are  now  available.  For  further 
information  his  own  treatise109  or  that  of  Lipka110  may  be 
consulted. 

It  is  easy  to  see  that  this  method  is  only  applicable  to 
Cartesian  nomograms  on  which  the  contour  lines  are 
straight  or  may  be  so  regarded  without  serious  error.  In 
the  present  case,  however,  the  curvature  of  the  contour 
lines  of  oxygen  tension  is  considerable.  Nevertheless,  by 
confining  our  attention  to  the  region  of  the  chart  where 
the  values  of  pC02  fall  within  the  physiological  range,  it 
is  possible  to  replace  the  p02  contour  curves  by  straight 
lines,  without  introducing  serious  error.  We  may  then 
proceed  to  the  transformation,  which  results  in  figure  40. 

From  this  nomogram  it  is  possible  to  read  directly  or 
to  deduce  by  simple  computation  the  magnitudes  of  all 
known  phenomena  of  the  respiratory  function  of  blood. 
It  should  be  clearly  understood  that  figure  40  is  a  quanti- 
tative description  of  a  particular  specimen  of  blood  taken 
from  T.J.F.  on  March  23,  1927.  For  other  specimens  of 
human  blood,  for  the  blood  of  other  species,  and  for  the 
blood  of  pathological  states,  changes  occur  in  the  nomo- 
gram. Such  changes,  however,  affect  only  the  magnitudes 
and  the  minor  peculiarities  in  the  disposition  of  the 
scales.  For  example,  the  slope  of  the  scale  of  r's  is  vari- 

109  M.  d'Ocagne,  Traite  de  nomographic,  2d  ed.,  Paris,  1921. 

110  J.  Lipka,  Graphical  and  Mechanical  Computation,  New  York, 
1921. 
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able,  but  this  may  be  due  to  the  difficulty  of  making  accu- 
rate estimates  of  small  differences. 

The  conclusion  seems  to  be  justified  that  the  general 
form  of  the  nomogram,  figure  40,  represents  the  law  of 
the  blood  which  we  have  been  seeking  throughout  the  pre- 
ceding chapters.  With  the  consideration  of  differences 
from  rest  to  work,  from  the  normal  to  the  pathological, 
and  from  species  to  species,  we  enter  a  field  in  which  the 
comparative  biological  method  becomes  quantitative  and 
rational. 

On  figure  40  seven  variables  are  represented.  A  large 
number  of  others  are,  however,  implicitly  defined,  and 
may  be  deduced  by  means  of  simple  computations.  In 
order  to  avoid  the  necessity  of  making  such  computations, 
it  is  sometimes  more  convenient  to  construct  additional 
scales.  This  may  be  done  as  follows:  Let  u  be  a  linear 
function  of  two  of  the  variables  for  which  scales  exist, 
say  u  =  f  (x,  y).  Choose  any  value  of  u,  say  ux,  and  any 
convenient  pair  of  values  of  x,  say  xx  and  x2 .  Substitute 
in  turn  ux  and  x±  and  ux  and  x2  in  the  equation  u  =  /  {x,y). 
Solve  the  resulting  two  equations,  thus  obtaining  the 
values  yx  and  y2 .  Then  the  intersection  of  the  two  straight 
lines  joining  xx  with  yx  and  x2  and  y2  is  the  point  corre- 
sponding to  ux.  In  like  manner,  the  points  u2,  u3,  .  .  . 
may  be  found  and  the  scale  of  u  constructed. 

A  number  of  such  constructions  have  been  performed 
and  the  results  reproduced  on  the  large  nomogram,  fig- 
ure 41.  This  figure  represents  the  blood  of  A.V.B.  at  rest 
and  is  chosen  because  it  is  based  upon  an  exceptionally 
exhaustive  study  which  affords  a  favorable  opportunity 
for  the  methodical  discussion  of  the  system,  considered 
as  a  whole.111 

It  will  perhaps  suffice  to  define  the  variables  repre- 
sented by  the  several  scales  of  figure  41.  Taken  in  order 
from  left  to  right  they  are  as  follows : 
I.  (Cl)s  The  concentration  of  serum  chloride,  expressed 

in  millimoles  per  liter  of  serum. 

111  Henderson,  Bock,  Field,  and  Stoddard,  Journal  of  Biological 
Chemistry,  LIX,  379  (1924). 
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II.  r.  Dormant 


=  [BHCQ3]C  _  [HCQ8-]C  __  [Clio  _  [Aic  _  [OH-]c  _  [IP], 
~  [BHC03]8      [HC03-]8      [Cl-]s      [A-].      [OH-].      [H+]c* 


Here  the  brackets  represent  concentrations  per  liter  of 
water  of  serum  or  cells,  as  the  case  may  be. 

III.  (Cl)c.  The  concentration  of  cell  chloride,  expressed 
as  millimoles  per  liter  of  cells. 

IV.  a.  A  (CI).  The  difference,  expressed  as  millimoles  per 
liter  of  blood,  compared  with  arterial  blood,  in  the  total 
amount  of  chlorides  in  cells  or  serum. 

IV.  b.  Per  cent  A  in  cells.  The  percentage  of  total  blood 
chloride  or  bicarbonate  present  in  the  cells. 

V.  a.  V  of  cells.  The  volume  of  the  cells,  expressed  as 
percentage  of  this  volume  at  about  02  =  80  mm.  and 
C02  =  39  mm.,  the  point  where  this  volume  is  40  per 
cent  of  the  total  blood  volume. 

V.  b.  Per  cent  H20  in  cells.  The  percentage  of  total  blood 
water  present  in  the  cells. 

VI.  BPC .  The  base  combined  with  cell  protein,  expressed 
as  millimoles  of  base  per  liter  of  blood. 

VII.  Cell  BHC03 .  The  combined  carbonic  acid  of  the  cells 
per  liter  of  blood,  expressed:  (a)  as  millimoles,  and  (b) 
as  volumes  per  cent. 

VIII.  (BHC03)c.  The  combined  carbonic  acid  of  the  cells 
per  liter  of  cells,  expressed:  (a)  as  millimoles  per  liter, 
and  (b)  as  volumes  per  cent. 

IX.  (BHC03)b.  The  combined  carbonic  acid  of  whole 
blood,  expressed :  (a)  as  millimoles  per  liter,  and  (b)  as 
volumes  per  cent. 

X.  (BHC03)s.  The  combined  carbonic  acid  of  serum  per 
liter  of  serum  expressed:  (a)  as  millimoles  per  liter, 
and  (b)  as  volumes  per  cent. 

XL  Serum  (BHC03).  The  combined  carbonic  acid  of 
serum  per  liter  of  blood,  expressed:  (a)  as  millimoles 
per  liter,  and  (b)  as  volumes  per  cent. 
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Fig.  41 
Nomogram  for  the  Blood  of  A.V.B. 
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XII.  Total  C02.  The  total  carbonic  acid  of  blood,  ex- 
pressed: (a)  as  millimoles  per  liter,  and  (b)  as  volumes 
per  cent. 

XIII.  Ac.  The  change  in  concentration  of  total  solute, 
compared  with  arterial  blood,  expressed  in  millimoles 
per  liter  of  blood. 

XIV.  C02.  Free  carbonic  acid,  expressed:  (a)  as  milli- 
moles per  liter  of  blood,  and  (b)  as  millimeters  of  par- 
tial pressure  of  mercury. 

XV.  a.  BPS .  Base  bound  by  protein  of  serum,  expressed 
as  millimoles  of  base  per  liter  of  blood. 

XV.  b.  pHs.  —  log  [H+]  in  serum. 

XVI.  pHc.  -  log  [H+]  in  cells. 

XVII.  02.  Oxygen  pressure,  expressed  as  millimeters  of 
partial  pressure  of  mercury. 

XVIII.  Hb02.  Combined  oxygen,  expressed:  (a)  as  milli- 
moles per  liter  of  blood,  and  (b)  as  per  cent  of  satura- 
tion. The  scale  for  total  oxygen  is  so  nearly  identical 
with  this  as  to  be  practically  indistinguishable  from  it. 

Across  the  nomogram  two  straight  lines  are  drawn. 
These  lines  define  the  equilibria  of  arterial  blood  and  of 
venous  blood,  respectively. 

The  first  is  approximately  true  for  all  ordinary  normal 
conditions ;  the  second  defines  the  conditions  during  mod- 
erate exercise.  The  graduated  curves  tangent  to  these 
lines  near  their  point  of  intersection  define  the  respira- 
tory cycle.  They  will  be  discussed  later. 

The  synthesis  of  our  knowledge  of  the  equilibria  of  the 
blood  for  the  narrow  physiological  range  of  variations  is 
completely  represented  by  figure  41.  We  may  now  proceed 
to  a  systematic  exposition  of  the  different  partial  aspects 
of  the  phenomenon. 

It  has  long  been  customary  to  represent  two  of  these, 
the  oxygen  dissociation  at  different  pressures  of  carbonic 
acid  and  the  carbonic  acid  dissociation  at  different  de- 
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grees  of  oxygenation,  with  the  help  of  contour  line  charts. 
A  third  aspect  is  denned  by  the  familiar  equation, 

[H+]  =  k'  [H2C°3] 


[BHCO3] ' 

which  is  the  analytical  expression  of  a  similar  Cartesian 
nomogram. 

The  possibility  of  thus  dealing  with  three  variables  at  a 
time  is  nothing  but  the  expression  of  the  fact  that,  aside 
from  variations  in  p02  and  pC02,  the  blood  is  assumed 
to  be  subject  to  no  change  in  composition,  although  in 
certain  special  cases  this  restriction  is  unnecessary.  The 
fact  that  it  is  possible  thus  to  define  the  variations  of  any 
three  variables,  independently  of  the  other  four,  may 
readily  be  demonstrated  as  follows:  Choose  any  three 
scales,  say  u,  v,  and  w,  on  figure  40.  Then,  if  values  of 
any  two  of  the  three  variables  are  given,  e.g.,  uly  vt,  or 
u2 ,  w2 ,  or  vB ,  w3 ,  the  third  is  determined.  This  is  true  be- 
cause two  points  determine  a  straight  line  and  the  inter- 
section of  this  line  with  the  scale  of  the  unknown  variable 
determines  the  value,  wx  or  v2  or  u3 ,  of  this  variable. 

Now  among  7  variables,  taking  3  at  a  time,  there  are 
35  combinations.  Accordingly,  the  three  cases  above  men- 
tioned are  but  three  among  35  cases  necessary  for  an  ex- 
haustive description.  Moreover,  in  each  of  these  35  cases 
three  variables  are  involved.  Accordingly,  it  is  possible, 
in  each  case,  to  construct  three  contour  line  charts,  taking 
in  turn  u  and  v,  u  and  w,  and  v  and  w  as  the  correlatives 
of  x  and  y,  the  Cartesian  coordinates.  Thus  a  complete 
treatment  involves  the  construction  of  105  Cartesian  con- 
tour line  charts. 

These  105  charts  fall  into  21  sets  of  five  each.  There  are, 
in  fact,  21  combinations,  taking  two  at  a  time,  among 
seven  variables.  Therefore,  there  are  21  pairs  of  Carte- 
sian coordinates.  "When  two  of  the  variables  have  been 
chosen  as  Cartesian  coordinates,  five  remain.  Accordingly, 
they  yield  five  families  of  contour  lines.  Evidently  the 
five  members  of  each  of  these  21  sets  of  contour  line 
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charts  form  by  superposition  a  Cartesian  nomogram, 
which  is  a  complete  description  of  the  system  and  the 
equivalent  in  all  respects  of  figure  40.  Figures  42  to  146 
present  these  105  charts  arranged  according  to  the  plan 
of  table  13. 
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152  BLOOD 

The  construction  of  any  one  of  these  charts  may  be  ex- 
plained as  follows :  Let  the  variables  in  question  be  x,  y, 
and  z,  represented  by  the  scales  u,  v,  and  w  of  figure  41, 
and  let  it  be  required  to  draw  contour  lines  representing 
values  of  z  on  a  Cartesian  background  of  x  and  y.  Choose 
suitable  values  for  the  z  contour  lines  and  find  on  w  the 
points  corresponding  to  these  values.  Through  each  of 
these  points  pass  several  straight  lines  and  read  the  pairs 
of  values  of  x  and  y  defined  by  the  intercepts  of  these 
lines  on  u  and  v.  After  tabulating  the  data  thus  obtained, 
it  only  remains  to  transfer  them  to  a  Cartesian  back- 
ground of  x  and  y,  and  to  join  each  set  of  points  corre- 
sponding to  each  of  the  values  of  z. 

On  each  of  figures  42  to  146  the  respiratory  cycle  and 
the  arterial  and  venous  points  are  represented.  The  cycle 
has  been  calculated  in  a  manner  which  will  be  later  ex- 
plained. 

The  figures  contain  nothing  that  is  not  also  contained 
in  figure  40.  But,  like  the  two  familiar  charts,  figures  100 
and  145,  which  they  include,  they  facilitate  the  under- 
standing of  the  details  of  the  respiratory  process  and  sys- 
tematically represent  in  turn  all  these  details. 

We  have  now  completed  the  synthetic  treatment  of  the 
physico-chemical  system.  The  problem  next  arises  of  de- 
scribing the  operation  of  this  system  under  physiological 
conditions. 
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CHAPTER  VII 
THE  RESPIRATORY  CYCLE 

WE  have  now  at  our  disposal  a  quantitative  de- 
scription of  the  physico-chemical  system  that 
has  engaged  our  attention  in  the  preceding 
chapters.  This  description,  though  far  from  complete, 
and,  no  doubt,  far  from  precise,  completely  fulfills  the 
specifications  stated  in  the  second  chapter.  Therefore,  on 
the  one  hand,  it  is  conditioned  by  those  approximations, 
omissions,  and  simplifications  which  we  have  deemed  nec- 
essary in  order  to  obtain  a  serviceable  instrument  for  the 
study  of  the  physiological  activity  of  blood,  and,  on  the 
other  hand,  if  we  have  not  been  at  fault,  it  embodies  the 
facts  and  relations  which  are  sufficient  for  that  purpose. 
With  the  help  of  this  description  of  the  blood  we  shall 
now  study  the  respiratory  cycle. 

On  an  alignment  nomogram  every  straight  line  defines, 
by  its  intercepts  of  the  several  scales,  simultaneous  values 
of  the  corresponding  variables.  Therefore,  on  figure  40 
every  straight  line  defines  for  the  blood  of  A.V.B.  one 
state  of  equilibrium.  Since  the  straight  line  is  determined 
by  any  two  points,  it  is  sufficient,  in  order  to  define  com- 
pletely the  composition  of  the  arterial  blood  of  A.V.B.  to 
determine  the  values  of  two  of  the  variables  in  a  small 
sample  of  blood  obtained  by  arterial  puncture.  Proceed- 
ing in  this  manner  it  has  been  found  that  the  concentra- 
tion of  total  carbonic  acid  is  21.5  millimoles  per  liter  and 
that  of  combined  oxygen  8.5  millimoles  per  liter.  Accord- 
ingly, a  straight  line  has  been  drawn  on  figure  41  through 
the  points  of  the  scales  labeled  Total  C02  and  Hb02  that 
correspond  to  the  values  21.5  millimoles  and  8.5  milli- 
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moles  respectively,  and  this  line  is  labeled  Arterial  Blood 
Line.112 

Next  the  position  of  the  line  that  defines  the  composi- 
tion of  mixed  venous  blood  must  be  determined.  Concern- 
ing this,  information  may  be  deduced  from  the  value  of 
the  respiratory  quotient.  In  conformity  with  the  method 
of  construction  of  the  nomogram,  the  scales  of  total  car- 
bonic acid  and  of  oxyhemoglobin   (approximately  total 


Total 


HbO, 


B 

Fig.  147 
Determination  of  Respiratory  Quotient 


oxygen)  are  parallel  straight  lines.  In  order  to  fix  our 
ideas  let  a  third  line  AB  be  drawn  between  these  two 
scales  and  parallel  with  them.  Through  any  point  P  of 
this  line  let  two  other  lines  CPD  and  EPF  be  so  drawn  as 
to  intersect  the  scales  of  total  C02  and  Hb02  and  to  en- 
close portions,  CE  and  FD,  of  these  scales  between  them. 
Figure  147  shows  this  construction.  Then,  whatever  the 
angle  between  the  lines  CPD  and  EPF,  we  have  from  ele- 

112  Henderson,  Bock,   Field,   and   Stoddard,   Journal   of  Biological 
Chemistry,  LIX,  428  (1924). 
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CE 
mentary  geometry  —   =  constant.  But,  if  CPD  be  the 

venous  blood  line  and  EPF  the  arterial  blood  line,  we 
have  also,  since  the  graduations  of  the  scales  of  total  C02 
and  of  Hb02  are  both  uniform,  CE  proportional  to  total 
carbonic  acid  excretion  and  FD  approximately  propor- 
tional to  total  oxygen  consumption.  Therefore  the  ratio 

CE 

— —  determines  the  respiratory  quotient,  and  any  condi- 
tions for  which  the  arterial  blood  line  and  the  venous 
blood  line  intersect  at  any  point  on  the  line  AB  must  be 
such  that  the  respiratory  quotient  has  a  certain  fixed 

CE 
value  defined  by  the  ratio  — — .  If  the  scales  of  total  C02 

and  of  Hb02  were  graduated  in  the  same  unit  of  length 

CE 

we  should  have  R.Q.  =  — — .  But  in  fact  these  units  are 

FD 

different  on  figure  41,  being  about  one-sixth  greater  for 

the  scale  of  total  C02  than  for  that  of  Hb02  and  therefore 

E.Q.  =  -  X  — .  Taking  this  disparity  of  the  units  of 

graduation  into  account  the  interrupted  lines  labeled  E.Q. 
have  been  drawn  on  figure  41.  Each  of  these  lines  is  the 
locus  of  the  points  of  intersection  of  arterial  and  venous 
blood  lines  for  that  value  of  the  respiratory  quotient 
which  is  printed  above  the  line. 

For  A.V.B.  under  the  conditions  defined  by  the  nomo- 
gram the  respiratory  quotient  was  found  to  have  the 
value  0.82.  Therefore  the  venous  blood  line  must  pass 
through  the  point  of  intersection  of  the  arterial  blood  line 
with  that  line  which  is  the  locus  of  the  points  of  intersec- 
tion of  arterial  and  venous  blood  lines  for  R.Q.  =  0.82. 
This  point  is  easily  found  by  interpolation,  between  the 
lines  marked  R.Q.  0.80  and  R.Q.  0.85,  on  the  arterial  blood 
line.  When  this  point  is  known  we  require  but  one  more 
point  in  order  to  determine  the  position  of  the  venous 
blood  line.  In  other  words,  we  need  quantitative  informa- 
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tion  concerning  the  concentration  of  but  a  single  sub- 
stance in  the  mixed  venous  blood.  Unfortunately  such  in- 
formation is  not  easy  to  obtain,  for  the  mixed  venous 
blood  is  inaccessible.  A  method  has,  however,  been  de- 
vised by  Bock  and  Field,113  and  recently  perfected  by 
Bock  and  Dill,114a  which  enables  us  to  estimate  the  partial 
pressure  of  carbon  dioxide  in  the  mixed  venous  blood.  A 
description  thereof  will  be  found  in  the  appendix.  When 
the  present  nomogram  was  constructed,  we  were  still  un- 
able to  determine  the  position  of  even  one  more  point  on 
the  venous  blood  line,  and  this  line  as  drawn  on  the  nomo- 
gram is  hardly  more  than  a  guess.  We  now  have  reason  to 
believe  that  it  corresponds  to  a  state  of  light  muscular  ac- 
tivity in  which  the  consumption  of  oxygen  is  about  600  cc. 
per  minute. 

It  must  not  be  supposed  that  in  the  determination  of 
the  composition  of  the  mixed  venous  blood  this  use  of  the 
R.Q.  lines  of  the  nomogram  is  anything  but  a  convenient 
mathematical  short  cut.  A  moment's  reflection  will  show 
that  from  (1)  complete  information  concerning  the  com- 
position of  arterial  blood,  (2)  the  value  of  the  respiratory 
quotient,  and  (3)  the  value  of  the  concentration  of  any 
one  substance  in  mixed  venous  blood,  the  values  of  the 
concentrations  of  other  substances  in  mixed  venous  blood 
may  be  computed  and  the  position  of  the  venous  blood 
line  on  the  nomogram  determined.  The  method  above  de- 
scribed is,  however,  perfectly  convenient  and  very  eco- 
nomical of  labor.  It  is,  therefore,  to  be  preferred. 

On  figure  41  the  line  labeled  R.Q.  0.70  approximately 
coincides  with  the  scale  of  values  of  pHc .  From  this  rela- 
tion the  conclusion  may  be  drawn  that  when  the  respira- 
tory quotient  of  A.V.B.  at  rest  has  a  value  of  about  0.70 
there  is  no  difference  between  the  hydrogen  ion  concen- 
tration of  the  cells  of  arterial  and  of  mixed  venous  bloods. 

113  Bock  and  Field,  Journal  of  Biological  Chemistry,  LXII,  269 
(1924) ;  Field,  Bock,  Gildea,  and  Lathrop,  Journal  of  Clinical  Investi- 
gation,!, 65  (1924). 

114a  Cf.  Appendix. 
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Under  these  circumstances  the  change  in  total  carbonic 
acid  of  the  respiratory  cycle  in  blood  must  be  due  almost 
exclusively  to  the  oxygen  effect  upon  the  affinity  of  hemo- 
globin for  base,  since  at  constant  hydrogen  ion  concentra- 
tion hemoglobin  can  exert  no  true  buffer  action,  and  with 
the  small  change  in  hydrogen  ion  concentration  in  serum 
the  buffer  action  of  the  serum  proteins  is  small. 


TABLE  14. 

Individual 

Mean 

A.V.B.  Rest 
A.V.B.  Rest 
A.V.B.  Rest 
C.V.C.  Rest 
A.V.B.  Work 

(1) 
(2) 
(3) 

0.70 
0.70 
0.71 
0.66 
0.67 

Normal  Man 

0.69 

Pernicious  Anemia 
Pernicious  Anemia 
Pernicious  Anemia 

(1) 
(2) 
(3) 

0.61 
0.73 
0.63 

Pernicious  Anemia 

0.66 

Polycythemia 

0.59 

Polycythemia 

0.59 

Myxedema 
Myxedema 
Myxedema 

(1) 
(2) 
(3) 

0.65 

[0.99] 

0.62 

Myxedema 

0.64 

Horse  (Van  Slyke, 

Wu,  and 

McLean) 

0.75 

Horse 

0.75 

Turtle  20° 
Turtle  37.5° 

0.57 
0.58 

Turtle 
All  Values 

0.58 
0.66 

Another  deduction  from  the  same  fact  is  that  the  effect 
upon  the  hydrogen  ion  concentration  of  the  addition  of 
one  equivalent  of  oxygen  is  approximately  equal  to  that 
of  the  addition  of  0.7  equivalent  of  carbonic  acid.  This 
appears  to  be  a  roughly  constant  relation  for  different 
specimens  of  blood,  as  shown  in  table  14.  In  this  table 
there  will  be  found,  for  all  cases  thus  far  studied,  the 
value  of  the  respiratory  quotient  line  which  approxi- 
mately corresponds  with  the  scale  of  pHc.  The  mean 
values  are  also  indicated  in  the  table,  one  datum  from  a 
case  of  myxedema,  which  was  very  imperfectly  studied 
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so  that  the  nomogram  is  of  doubtful  validity,  being  re- 
jected. Otherwise,  considering  the  great  effect  of  small 
experimental  errors  upon  the  position  of  the  pHc  scale, 
the  approximation  to  constancy  is  very  satisfactory. 
Since  the  blood  of  A.V.B.  has  been  far  more  extensively 
studied  than  that  of  any  other  individual,  we  may  regard 
the  round  number  0.7  as  the  most  probable  value  of  the 
respiratory  quotient  which  corresponds  to  a  difference  of 
0  between  the  values  of  pHc  in  normal  human  arterial 
and  venous  bloods.  It  is  certain  that  this  value  must  vary 
slightly  with  variations  in  composition  of  the  blood,  it  is 
probable  that  like  most  of  our  other  estimates,  it  is  af- 
fected with  a  small  constant  systematic  error,  but  the  gen- 
eral characteristics  of  the  phenomenon  are  probably  well 
defined. 

When  the  arterial  and  venous  blood  lines  have  been 
located  on  the  nomogram,  the  composition  of  arterial  and 
of  mixed  venous  bloods  may  be  read  directly  from  the  in- 
tercepts of  the  scales.  The  values  thus  found  and  their 
differences,  which  measure  the  amplitude  of  the  respira- 
tory changes,  are  assembled  in  table  15.  Tables  16  and 
17  give  corresponding  values  per  unit  of  serum  and  cell 
volumes. 
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H  0            cc 

.  per  I.  serum  . . 

,     a     u       a 

L 

U      ii          it 

a     u       u 
a     a       a 
a    a       a 
(l     ((        it 

cc.  per  L  cells  . 

MM     «     "      "       . 

a       11     a      a 

11       a     a      a 
a       a     a      a 
u       u     it      a 
a       a     a      it 

a       it     a      a 

TABLE 

Serun 

16. 
1. 

Arterial 

915.4 

140.1 

99.37 

15.34 

25.40 

1.17 

26.58 

17. 

Arterial 
649.5 
120.7 
50.98 
56.70 
12.99 
0.85 
13.86 
21.2 

Venous 

914.3 

141.1 

98.22 

15.27 

27.66 

1.38 

29.04 

Venous 
654.2 
119.3 
53.21 
51.18 
14.96 
0.99 
15.95 
14.3 

A 
-1.0 

+1.0 

CI                " 

-1.15 

BP              " 

-0.07 

BHCO        " 

+2.26 

H  CO         " 

+0.21 

Total  CO    " 

+2.46 

H  0 

TABLE 
Cells 

A 

+5 

B 

-1.4 

CI 

+2.23 

BP 

-5.52 

BHC03 

+1.97 

H  CO 

+0.14 

Total  C02 

+2.09 

Combined  0„ 

-6.9 

In  order  to  illustrate  the  use  of  the  nomogram  and  of 
the  tables  we  may  seek  in  them  a  quantitative  description 
of  the  exchanges  between  cells  and  serum  which  have 
been  discussed  at  length  in  Chapter  V.  The  last  column 
of  table  15  shows  that  the  increase  of  blood  bicarbonate 
in  the  passage  through  the  capillaries  of  the  greater  cir- 
culation is  2.08  millimoles  per  liter  and,  in  accordance 
with  the  approximations  employed  in  constructing  the 
nomogram,  that  the  decrease  in  base  bound  by  protein, 
BP,  for  whole  blood  is  likewise  2.08  millimoles  per  liter. 
But  reference  to  the  two  preceding  columns  shows  that 
while  in  serum  the  increase  in  bicarbonate  is  1.23  milli- 
moles per  liter  blood,  the  decrease  of  BP  is  but  0.11  milli- 
moles per  liter  blood.  Further,  in  the  cells  the  increase  in 
bicarbonate  is  0.85  millimoles  per  liter  blood,  but  the 
decrease  in  BP  is  1.97  millimoles  per  liter  blood.  Thus  in 
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serum  the  increase  of  bicarbonate  is  1.12  millimoles 
greater  than  the  decrease  in  BP,  in  cells  the  increase  of 
bicarbonate  is  1.12  millimoles  less  than  the  decrease  in 
BP.  Meanwhile,  however,  1.13  millimoles  of  chloride  has 
moved  from  serum  to  cells,  and  the  account  balances. 
From  these  results  we  may  draw  the  conclusion  that 
hemoglobin  is,  in  these  circumstances,  responsible  for  95 
per  cent  of  the  transport  of  carbonic  acid,  the  serum  pro- 
teins for  but  —  or  five  per  cent.  Of  the  variation  of  BPC 
208 

about  0.27  millimoles  is  due  to  true  buffer  action.  Hence 

27 
about  — -  or  13  per  cent  of  the  carbonic  acid  transported 

is  dependent  upon  true  buffer  action  of  hemoglobin  and 
82  per  cent  is  transported  as  a  result  of  the  oxygen  effect. 
We  shall  return  to  this  aspect  of  the  process. 

These  exchanges  may  be  summed  up  in  the  following 
equations,  all  of  which  may  be  verified  with  the  help  of 
table  15, 

Arterial  Blood  BP  —  Venous  Blood  BP  =  Venous  Blood 

BHC03  —  Arterial  Blood  BHC03, 
(Arterial  Serum  BP  —   Venous  Serum  BP)    +    (Arterial 

Serum  CI  — Venous  Serum  CI)  =  Venous  Serum  BHC03  — 

Arterial  Serum  BHC03, 
Arterial  Cell  BP  —  Venous  Cell  BP  =  (Venous  Cell  BHC03  — 

Arterial  Cell  BHC03)  +  (Venous  Cell  CI  -  Arterial  Cell 

CI). 

There  is  no  conclusive  evidence  that  blood  which  has 
passed  through  different  capillaries  of  the  lung  under 
normal  conditions,  differs  widely  in  composition,  and  for 
many  purposes  we  may  perhaps  regard  the  lung  capil- 
laries as  approximately  uniform  diffusing  surfaces,  the 
blood  issuing  from  them  as  approximately  uniform  ar- 
terial blood.114b  In  the  greater  circulation  this  is  not  the 
case,  for  there  can  be  little  doubt  that  conditions  vary 

114b  But  cf.  Haldane,  Meakins,  and  Priestley,  Journal  of  Physiology, 
LII,  433  (1919). 
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widely  from  organ  to  organ  and  from  tissue  to  tissue. 
During  rest,  for  example,  it  is  to  be  expected  that  venous 
blood  from  capillaries  of  the  heart  muscle  may  be  signifi- 
cantly different  from  venous  blood  from  capillaries  in  the 
biceps,  the  brain,  or  the  kidney.  Therefore  the  line  labeled 
Arterial  Blood  Line  on  figure  41  probably  gives  a  fair 
characterization  of  arterial  blood,  or  at  least  of  an  aver- 
age blood  which  is  made  up  by  mixing  a  multitude  of 
parts  not  too  different  from  one  another  to  defeat  our 
efforts  to  make  use  of  this  description.  On  the  other  hand, 
it  is  to  be  feared  that  estimates  of  the  composition  of 
mixed  venous  blood  must  be  used  with  great  caution,  since 
the  composition  of  this  blood  is  the  average  obtained  by 
mixing  the  many  different  local  venous  bloods  from  dif- 
ferent parts  of  the  body,  and  we  can  only  form  rough  con- 
jectures concerning  the  statistical  properties  of  this  class 
of  objects.  Especially  it  is  to  be  feared  that  deviations 
from  the  mean  may  be  distributed  in  such  a  manner  as  to 
render  the  solution  of  certain  physiological  problems  very 
difficult,  if  not  illusory.  Be  this  as  it  may,  we  can  but  press 
on,  remembering  meanwhile  that  such  obstacles  are  by  no 
means  peculiar  to  physiology  and  that  in  the  long  run 
they  may  be  circumvented.  One  thing,  at  least,  is  certain : 
on  entering  the  capillaries  of  the  greater  or  of  the  lesser 
circulation,  the  blood,  whether  venous  or  arterial,  is  uni- 
form, for  it  is  thoroughly  mixed  in  the  heart  and  in  the 
heart's  efferent  vessels. 

The  important  observations  of  Peters115  have  shown 
that  between  arterial  blood  and  venous  blood  significant 
variations  in  the  masses  of  other  components  than  oxy- 
gen and  carbon  dioxide  may  sometimes  occur.  This  fact  is 
to  be  ascribed  to  the  formation  of  lymph,  and  promises 
to  yield  valuable  results  in  the  study  of  that  process.  We 
have  not  failed  to  examine  the  phenomenon,  which  is  often 
small  enough  to  be  without  effect  upon  our  conclusions, 
and  by  the  exercise  of  due  caution  we  have  been  able  to 

115  Peters,  Bulger,  and  Eisenman,  Journal  of  Biological  Chemistry, 
LXVII,  165  (1926). 
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eliminate  it  from  our  considerations.  The  facts  that  we 
have   observed   are   collected  in   table   18.   When   such 


TABLE 

18. 

Total  C02  of  arterial  and  of  venous 

blood. 

A.      RESTING  SUBJECTS. 

Total  C02  at 

pC02  =  40  mm 

Date 

Remarks 

Arterial 

Venous 

A  Total  C02 

Subject 

1926 

vol.  per  cent    vol.  per  cent 

vol.  per  cent 

J.S.L. 

Feb. 

12 

Clinician 

49.3 

48.4 

+0.9 

1927 

McDonald 

Jan. 

4 

Leukemia 

40.0 

39.2 

+0.8 

A.H. 

Jan. 

11 

Myxedema 

51.0 

49.2 

+1.8 

E.McD. 

Jan. 

15 

Myxedema 

48.6 

49.3 

-0.7 

Tracy 

Jan. 

22 

Nephritis 

22.1 

22.3 

-0.2 

J.F. 

Jan. 

28 

Pernicious  Anemia 

60.7 

59.1 

+1.6 

J.F. 

Mar. 

1 

Pernicious  Anemia 

53.9 

53.8 

+0.1 

J.F. 

Mar. 

23 

Pernicious  Anemia 

50.1 

49.8 

+0.3 

Bu 

Feb. 

14 

Myxedema 

39.3 

38.5 

+0.8 

J.C. 

Feb. 

23 

Student 

48.8 

47.6 

+1.2 

Bo 

Sept. 

9 

Diabetic  Coma 

16.5 

16.5 

0.0 

P.J. 

Oct. 

21 

Hypertension 

46.5 

45.8 

+0.7 

J.H.T. 

Nov. 

16 

Student 

46.9 

46.4 

+0.5 

Ro 

Nov. 

22 

Nephritis 

31.7 

31.7 

0.0 

C 

Nov. 

27 

Nephritis 

25.1 

26.8 

-1.7 

Ri 

Dec. 

9 

Nephritis 

27.9 

30.2 

-2.3 

B.      EXERCISING  SUBJECTS. 

Total  C02  at 

pC02  =  40  mm 

Date 

Oxygen  used 

Arterial 

Venous 

A  Total  C02 

Subject 

1926 

cc.  per  min. 

vol.  per  cent    vol.  per  cent 

vol.  per  cent 

A.V.B. 

Jan. 

19 

1200 

47.3 

47.7 

-0.4 

A.V.B. 

Jan. 

26 

1800 

36.9 

37.9 

-1.0 

A.V.B. 

Feb. 

3 

1500 

39.9 

41.2 

-1.3 

A.V.B. 

Feb. 

17 

1770 

40.0 

40.8 

-0.8 

L.M.H. 

Jan. 

14 

1880 

42.2 

42.7 

-0.5 

L.M.H. 

Feb. 

9 

1720 

43.0 

43.5 

-0.5 

D.B.D. 

Feb. 

11 

1730 

43.8 

44.3 

-0.5 

changes  are  small  enough  to  be  neglected,  figure  41  may 
be  used  to  define  the  respiratory  exchanges  in  any  part 
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of  the  body  for  which  the  composition  of  the  local  venous 
blood  is  known.  It  may  likewise  be  employed  for  the  study 
of  any  hypothetical  states  of  the  respiratory  cycle  and  as 
a  means  of  illustrating  many  other  peculiarities  of  the 
blood,  in  addition  to  those  of  the  heterogeneous  equilib- 
rium which  have  just  been  discussed. 

While  figure  41  is  the  most  convenient  instrument  for 
such  purposes  it  should  be  remembered  that,  aside  from 
uncertainties  regarding  the  values  of  r  for  the  different 
ions,  figure  40,  with  its  seven  scales,  includes  all  the  nec- 
essary information  for  a  complete  description  of  the 
blood.  Given  these  seven  scales,  all  the  others  may  be  de- 
duced by  computation,  with  the  aid  of  the  definitions  of 
the  variables  which  they  represent. 

Now  that  we  are  in  possession  of  a  description  of  the 
properties  of  arterial  blood  and  of  mixed  venous  blood, 
we  may  undertake  an  examination  of  the  process  by 
which  venous  blood  becomes  arterial  and  arterial  blood 
venous.116 

In  figure  148  the  abscissas  are  values  of  total  oxygen, 
the  ordinates,  values  of  total  carbon  dioxide,  while  values 
of  oxygen  pressure  and  carbon  dioxide  pressure  appear 
as  contour  lines.  Therefore  the  figure  is  nothing  but  a 
large-scale  drawing  of  a  portion  of  figure  33.  Three  points 
are  marked  on  the  figure :  L,  corresponding  to  the  oxygen 
and  carbon  dioxide  partial  pressures  of  alveolar  air,  as 
directly  determined;  A,  the  arterial  blood  point,  deter- 
mined by  repeated  analyses  of  blood  drawn  from  the 
radial  artery ;  and  V,  the  venous  blood  point.  The  position 
of  this  point  must  fall  somewhere  on  the  line  marked 
R.Q.  =  0.81,  since  this  was  the  value  of  A.V.B.'s  respira- 
tory quotient  for  the  conditions  now  under  consideration, 
and  it  is  evident  that  on  this  diagram  any  straight  line 
drawn  through  the  arterial  point  is  a  respiratory  quotient 
line.  The  slope  of  the  line  is  the  measure  of  the  respira- 

116  Henderson,  Bock,  Field,  and  Stoddard,  Journal  of  Biological 
Chemistry,  LIX,  424-430  (1924). 
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The  Respiratory  Cycle 


tory  quotient.  Therefore  it  is  again  necessary  to  know 
but  one  fact  regarding  the  mixed  venous  blood  in  order 
to  determine  the  position  of  the  venous  point  on  the  dia- 
gram. Taking  47  mm.  as  the  value  of  pC02  characteristic 
of  mixed  venous  blood,  the  point  is  found  on  the  E.Q.  = 
0.81  line  by  interpolation  between  the  two  contour  lines 
for  pC02  =  46  mm.  and  pC02  =  48  mm. 

"With  the  Cartesian  coordinates,  the  p02  and  pC02  con- 
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tour  lines,  and  the  points  L,  A,  and  V,  once  established, 
it  is  possible  to  take  another  step. 

The  rate  of  increase  of  the  oxygen  content  of  an  in- 
finitesimal portion  of  a  capillary  column  of  blood  in  the 
lungs  must  be  proportional  to  the  difference  between  the 
alveolar  oxygen  pressure  (p02)L,  and  that  of  the  blood, 
(p02)e: 

d(tog0»)  =  0l{(pOa)L--(pO,)B}  =  glA(pO,). 
Similarly, 

d(totgco»)==fla{(pCOa)L-(pCOa)B}=aaA(pCQ>). 

tv,   .,.  d (total  C02)       «a  w  A(pC02) 

DlvldmS>  d  (total  O,)   =  a,  X    A§QJ' 

The  value  of  the  constant  term  —  is  not  accurately  known. 

For  water  its  value  is  about  20,  for  the  tissues  about  30.117 
But  we  are  here  concerned  with  conditions  which  are  hard 
to  define,  since,  to  mention  only  one  complication,  the 
amount  of  mixing  within  the  capillary,  and  hence  the  ex- 
tent to  which  the  exchanges  between  red  cells  and  plasma 
are  adjusted,  remain  unknown.  We  shall  therefore  make 

no  attempt  to  estimate  the  value  of  — ,  but  employ  in 

turn  the  round  values  of  20  and  30  in  order  to  discover, 
if  possible,  the  general  characteristics  of  the  diffusion 
process. 

For  figure  148 

d  (total  CQ2)  __  dy 
d  (total  02)    ~~  &x' 

Therefore  it  is  evident  that  all  points  such  that 

a,      A(pC02) 

—  X    A  f   r\  \    —  m  =  a  negative  constant, 

«i       Mp02) 

117  A.  Krogh,  Silliman  Lectures,  Lecture  IX,  The  Anatomy  and 
Physiology  of  Capillaries,  New  Haven,  1922. 
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or,  in  words,  such  that  the  difference  between  the  carbon 
dioxide  pressure  at  the  point  and  the  carbon  dioxide  pres- 
sure of  the  alveolar  air,  divided  by  the  difference  between 
the  oxygen  pressure  at  the  point  and  the  oxygen  pressure 
of  alveolar  air  is  constant,  are  points  which  define  a  slope 
on  the  Cartesian  coordinates. 

The  meaning  of  this  slope  may  be  understood  from  the 
following  considerations.  Instead  of  speaking  of  a  point 
on  the  chart  as  defining  a  given  condition  of  the  blood, 
we  may  speak  of  the  blood  as  existing  at  a  point  on  the 
chart.  Then,  in  order  to  reach  the  arterial  point,  the 
blood  may  be  said  to  describe  a  curve  upon  the  chart,  and 
the  direction  in  which  the  blood  must  be  moving  when  at 
the  point  p  is  that  of  the  slope  mP,  in  question.  In  other 
words,  this  slope  is  the  slope  of  the  tangent,  at  the  point  p, 
to  the  curve  over  which  the  blood  must  pass  as  a  result  of 
a  diffusion  process.  This  is  true  because,  as  already  ex- 
plained, when  the  blood  is  at  the  point  p, 

dy    d  (total  C02)    a,    (pC02)L  -  (pC02)B     «,     A(pC02) 

dx      d  (total  02)      a,       (p02)L  -  (p02)B       ax      A  (p02)         p* 

It  is,  accordingly,  convenient  to  draw  a  family  of  con- 
tour lines,  each  one  such  that  for  every  point  of  the  con- 
tour line 

<*,  v  (pCQ2)L-(pC02)B       a,        A(pCQ2) 

—  X     f    ~  N .    ~  x —  =  —  X  =  mp  =  a  constant. 

ax  (p02)L— (p02)B  ax  A(p02) 

Here  (pC02)B  and  (p02)B  are  the  carbon  dioxide  pres- 
sure and  oxygen  pressure  corresponding  to  any  point,  p, 
of  the  contour  line  and  (pC02)L  and  (p02)L  the  carbon 
dioxide  pressure  and  the  oxygen  pressure  corresponding 
to  the  alveolar  air  point,  L. 

Next,  taking  —   =  20,  the  characteristic  slope,    ■£■  = 

,  ,.   ,  ,  ^  I  ,  defined  by  each  contour  line,  is  calculated, 
d  (total  02) 

and  a  large  number  of  short  parallel  lines  of  the  calcu- 
lated slope,  each  intersecting  the  contour  line,  are  drawn. 
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It  now  remains  to  join  the  point  V  and  the  point  L  by 
means  of  a  curve  which  cuts  each  of  these  contour  lines 
so  that  the  tangent  to  the  curve  at  each  point  of  inter- 
section with  a  contour  line  is  parallel  with  the  character- 
istic slope  denned  by  the  contour  line.  The  curve  thus 
constructed  is  the  required  representation  of  the  diffu- 
sion process  in  the  lung. 

Taking  —  =  30,  a  similar  curve  is  obtained.  These  two 

curves  are  represented  on  figure  148  and  are  marked 
"LUNG  (20)"  and  "LUNG  (30)." 

The  analogous  curves  for  the  tissue  diffusion  process, 
assuming  a  condition  in  which  the  local  venous  blood  is  of 
the  same  composition  as  the  mixed  venous  blood,  are 
somewhat  more  difficult  to  obtain  and  also  more  uncer- 
tain. This  depends  upon  the  fact  that,  in  the  absence  of  in- 
formation concerning  oxygen  and  carbon  dioxide  pres- 
sures within  the  tissues,  it  is  necessary  to  proceed  by  a 
method  of  successive  approximations.  Thus  have  been 
obtained  the  curves  marked  "TISSUE  (20)  "  and  "TIS- 
SUE (30)  "on  figure  148. 

The  researches  of  Krogh,118  justify  the  belief  that  the 
outer  curves  "LUNG  (30)"  and  "TISSUE  (30)"  more 
nearly  represent  the  process  as  it  might  take  place  under 
ideal  conditions.  But  those  peculiarities  of  the  blood 
which  are  responsible  for  the  wide  separation  of  the  diffu- 
sion curve  for  the  lung  from  that  for  the  tissue  are  in  part 
dependent  upon  heterogeneous  reactions  between  cells 
and  plasma.  Therefore,  taking  account  of  the  uncertainty 
regarding  the  completeness  of  such  reactions  during  the 
passage  of  blood  through  capillaries,  I  shall  employ  the 
curves  labelled  (20).  In  so  doing  I  wish  merely  to  imply 
that  the  differences  between  the  diffusion  process  in  the 
lung  and  the  reverse  process  in  the  tissues  are  probably 
at  least  as  great  as  these  two  curves  indicate.  In  any 
event,  it  is  evident  that  the  cycle  marked  (20)  and  that 

118  A.  Krogh,  Silliman  Lectures,  New  Haven,  1922. 
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marked  (30)  are  not  very  unlike.  They  are,  in  fact,  nec- 
essarily similar  in  all  but  magnitude;  i.e.,  in  radius  of 
curvature.  Concerning  the  effect  of  inadequate  mixing  to 
modify  the  process,  we  have  no  information. 

Another  similar  graphical  integration,  which  will  be 
discussed  in  the  next  chapter,  makes  possible  the  gradua- 
tion of  the  two  cycles  so  as  to  represent  time.  The  results 
are  rough  approximations;  even  so  they  can  hardly  be 
meaningless.  These  results  are  expressed  by  dividing  the 
time  of  each  process  into  tenths  and  marking  these  di- 
visions on  the  two  cycles. 

On  each  of  figures  42  to  146  the  cycle  (20)  has  been 
represented.  On  the  large  alignment  chart,  figure  41,  two 
curves  are  drawn.  These  are  the  envelopes  of  all  lines 
corresponding  to  points  on  the  cycle  (20).  Every  tangent 
to  these  curves  represents  some  point  on  cycle  (20)  of 
figure  148. 

The  time  scales  have  also  been  placed  on  these  enve- 
lopes. Thus  a  tangent  at  point  0.5  on  the  lung  envelope 
roughly  represents  the  condition  of  an  infinitesimal  por- 
tion of  a  capillary  column  of  blood,  when  half  way 
through  a  lung  capillary  of  average  dimensions  and  re- 
lations. 

Finally,  it  is  interesting  to  consider  the  variations  in 
each  variable  separately,  during  the  cycle.  These  are  rep- 
resented for  the  seven  principal  variables  and  also,  be- 
cause of  anomalous  fluctuations,  for  pHc ,  on  figures  149  to 
156.  In  each  case  time  is  taken  as  abscissa  and  the  time 
of  passage  through  the  capillary  divided  into  tenths. 

With  this  analysis  of  the  respiratory  cycle  our  formal 
discussion  of  the  blood  is  complete.  But,  before  commenc- 
ing a  similar  discussion  of  the  relations  between  the  prop- 
erties of  the  blood  and  its  respiratory  cycle  on  the  one 
hand,  and  the  variations  of  the  circulation,  the  respira- 
tion, and  the  metabolism  on  the  other  hand,  it  will  be  well 
to  consider  the  accuracy  of  the  quantitative  description 
which  has  been  worked  out  in  the  preceding  and  present 
chapters. 
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In  the  first  place,  it  should  be  noted  that  the  experi- 
ments, during  which  all  the  facts  concerning  the  blood  of 
A.V.B.,  represented  above  in  graphical  and  tabular  form, 
were  established,  avoided  an  accurate  study  of  the  total 
masses  of  water,  serum  protein  and  base,  as  well  as  all 
measurements  of  the  quantity  of  the  component  HX.  Ac- 
cordingly, the  estimate  of  total  base  neglects  the  quantity 
of  base  required  to  balance  HX  and  is,  therefore,  low  and 
in  fact  equal  to  B  —  X.  Also,  the  values  for  the  masses  of 
blood  water  and  of  serum  protein  are  appreciably  in  er- 
ror. These  differences  are,  for  the  most  part,  of  no  im- 
portance, and  always  of  negligible  importance  for  the 
preceding  discussions.  They  do,  however,  somewhat  affect 
the  inferences  which  may  be  drawn  from  the  tables.  Fur- 
ther studies  of  this  blood  have,  therefore,  become  neces- 
sary, although  a  revision  of  the  figures,  with  the  exception 
of  the  complete  nomogram,  has  been  unnecessary. 

A  nomogram  for  the  blood  of  A.V.B.  at  rest,  revised  in 
accordance  with  all  our  present  data  is  accordingly  pre- 
sented as  figure  157  and  the  corresponding  estimates  of 
the  composition  of  arterial  and  venous  bloods  and  of  the 
respiratory  cycle  are  given  in  tables  19,  20,  and  21. 119 

119  Dill,  van  Caulaert,  Hurxthal,  Stoddard,  Bock,  and  Henderson, 
Journal  of  Biological  Chemistry,  LXXIII,  251  (1927). 
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Fig.  157 
Blood  of  A.V.B.  at  Rest 
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H20 

B 

CI 

BP 

BHCO3 

H2C03 

Total  CO, 


TABLE  20. 
A.V.B.  Serum. 

Arterial 

cc.  per  I.  serum 916.7 

mM    "    "      "      137.9 

99.32 

13.13 

25.39 

1.18 

26.57 


Venous 

915.8 

138.7 

98.49 

13.08 

27.16 

1.34 

28.50 


A 
-0.9 

+0.8 

-0.83 

-0.05 

+1.77 

+0.16 

+1.93 


H20 

B 

CI 

BP 

BHCO3 

H2C03 

Total  C02 

Combined  0, 


TABLE  21. 
A.V.B.  Cells. 

Arterial 

cc.  per  I.  cells 705 

114.9 

45.27 

56.50 

13.13 

0.85 

13.98 

21.43 


mM 
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a       u 

Venous 
708.3 
113.8 
47 

52.38 
14.44 
0.96 
15.40 
16.25 


A 
+3.3 
-1.1 
+1.73 
—4.12 
+1.31 
+0.11 
+1.42 
-5.18 


At  first  sight,  the  differences  between  tables  15  and  19 
may  seem  significant.  It  must  be  remembered,  however, 
that  the  definition  of  the  quantity  B  is  not  the  same  in  the 
two  cases.  For  table  15,  B  is  estimated  indirectly  as  the 
sum  of  the  quantities  CI,  BP,  and  BHC03 ,  while  for  table 
19  B  is  determined  directly  by  analysis  and  it  is  the  quan- 
tity X  which  is  indirectly  estimated  in  accordance  with 
the  equation, 

X  z=  B  -  CI  -  BP  -  BHCO3. 

Therefore,  we  have  the  value  of  the  B  of  table  15  equal  to 
that  of  the  B  of  table  19  minus  the  value  of  X,  which  for 
table  15  remains  undetermined.  In  this  respect  table  19 
and  figure  157  represent  merely  a  closer  approximation 
to  a  complete  treatment  of  the  system,  through  the  intro- 
duction of  component  4a  of  Chapter  II.  This  procedure, 
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otherwise  of  little  moment,  has  one  advantage.  It  throws 
into  the  value  of  the  quantity  X  of  the  table  most  of  the 
effects  of  errors  of  experiment  and  of  theoretical  approxi- 
mation and  thus  affords  a  rough  indication  of  the  trust- 
worthiness of  the  conclusions.  For  example,  it  will  be 
seen  from  table  19  that  X  appears  to  move  between  cells 
and  plasma  during  the  respiratory  cycle  in  the  direction 
opposite  to  that  followed  by  chloride.  But  it  is  extremely 
improbable  that  this  should  be  the  fact.  Hence  we  may 
attribute  to  the  variations  of  the  value  of  X  errors  of  at 
least  a  few  tenths  of  a  millimole. 

As  above  suggested,  the  total  quantities  of  X,  of  B,  of 
H20,  and  of  PB  are  of  small  importance,  and  it  is  for  this 
reason  that  no  attempt  was  made  to  estimate  them  cor- 
rectly in  constructing  table  15. 

If  we  turn  our  attention  to  the  variables  which  are  im- 
portant for  our  present  purposes,  it  will  be  found  that 
differences  between  the  two  tables  depend  upon  one  dif- 
ference only  in  the  conditions.  This  is  the  difference  in 
amplitude  of  the  respiratory  cycle,  which  for  table  15 
corresponds  to  a  sensibly  higher  metabolic  rate  and  coeffi- 
cient of  utilization  of  oxygen  than  for  table  19.  The  latter 
table  describes  the  condition  of  rest.  The  disparity  be- 
tween the  two  tables  is  more  easily  to  be  seen  by  an  analy- 
sis of  their  last  three  columns.  In  the  first  three  columns 
of  the  second  table,  the  difference  also  depends  on  the 
presence  of  X  and  the  variations  of  H20  and  of  B  already 
discussed.  To  this  statement  there  are  but  two  exceptions 
of  any  importance:  (1)  in  accordance  with  the  observa- 
tion of  Van  Slyke,  Hastings,  Murray  and  Sendroy120  the 
value  p&'  =  5.93  has  been  employed  in  calculating  the 
value  of  pHc  and  (2)  measurements  of  somewhat  uncertain 
accuracy  for  the  values  of  the  r's  have  led  to  other  slight 
modifications  of  the  values  which  appear  in  the  earlier 
tables.  Since  the  values  of  the  last  three  columns  of  the 
tables  depend  upon  the  positions  of  the  arterial  and  ve- 

120  Van  Slyke,  Hastings,  Murray,  and  Sendroy,  Journal  of  Biological 
Chemistry,  LXV,  701  (1925). 
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nous  blood  lines,  while  the  values  of  total  water,  total 
base,  serum  protein,  and  even  the  presence  of  X  are  with- 
out sensible  effect,  the  nomogram  remains  essentially  un- 
changed. 

As  before,  the  total  change  in  BHC03  for  whole  blood 
is  equal  to  that  in  BP,  but  with  the  component  HX  added 
to  the  description,  it  is  necessary,  in  seeking  an  interpre- 
tation of  changes  in  serum  and  cell  bicarbonates,  to  take 
account  of  variations  in  concentration  of  both  X  and  CI 
for  the  two  phases.  The  share  of  serum  protein  in  the 
transport  of  carbonic  acid  remains  a  mere  five  per  cent, 
the  hemoglobin  being  still  accountable  for  95  per  cent  of 
all  the  carbonic  acid  carried  and,  as  before,  nearly  seven- 
eights  of  this  is  attributable  to  the  oxygen  effect.  The 
magnitude  of  the  inverse  action,  which  may  be  called  the 
carbonic  acid  effect  upon  oxygen  transport,  is  more  diffi- 
cult to  define  and  will  be  discussed  at  length  in  Chapter 
IX.  It  is  much  smaller  in  magnitude ;  measured  in  milli- 
moles,  about  one-fourth  the  oxygen  effect ;  measured  rela- 
tively to  the  total  amount  of  material  transported,  about 
one-fifth. 

The  change  in  total  concentration  of  ions  plus  undis- 
sociated  molecules  between  arterial  and  venous  bloods, 
which  may  be  roughly  estimated  by  the  difference  be- 
tween the  change  in  total  carbonic  acid  and  the  change  in 
free  oxygen,  amounts  to  1.64  millimoles  per  liter  blood, 
or  1.93  millimoles  per  liter  water.  Of  this  1.80  millimoles 
per  liter  water  is  attributable  to  bicarbonate.  In  the 
serum,  the  sum  of  the  changes  in  base,  X,  chloride,  and 
bicarbonate  concentrations  per  liter  water  is  1.93  milli- 
moles ;  in  the  cells  1.94.  Obviously,  these  values  should  be 
nearly  equal  to  each  other  and  to  the  change  in  bicarbon- 
ate per  liter  blood  water.  They  are,  however,  greatly 
modified  by  very  small  variations  in  the  estimates  of  the 
distribution  of  water  between  cells  and  serum.  For  ex- 
ample, if  the  movement  of  water  between  the  two  phases 
in  the  respiratory  cycle  be  estimated  as  4  cc.  per  liter 
blood  instead  of  3  cc.  as  in  the  table  and  nomogram,  the 
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change  in  electrolyte  concentration  per  liter  cell  water  ap- 
pears to  be  only  abont  1.0  millimole,  that  per  liter  serum 
water,  however,  2.4  millimoles.  Similar  effects  may  be 
demonstrated  for  small  variations  in  the  estimates  of  the 
r's.  Since  it  is  hardly  possible  to  measure  changes  of  vol- 
ume or  of  r  with  the  accuracy  necessary  to  obtain  consist- 
ency between  all  the  values  of  the  tables,  it  is  necessary 
to  use  a  method  of  successive  approximations  in  order  to 
find  the  most  consistent  values  of  the  variables.  To  such 
refinements  of  computation  little  importance  should  be 
attributed,  for  theory  must  not  be  pressed  too  far  in  esti- 
mating minute  differences  and,  unless  theory  is  to  be  re- 
lied upon,  such  a  procedure  amounts  to  nothing  more  than 
"rigging"  the  data.  For  this  reason,  in  the  pages  which 
follow  meaningless  precision  and  consistency  in  the  nomo- 
grams and  tables  have  not  been  sought. 

The  total  ionic  concentration  of  arterial  blood  serum 
(B  +  X  +  CI  +  BHC03)  is  312.5  millimoles  per  liter 
water,  that  of  arterial  blood  cells  299.4  millimoles  per 
liter  water.  The  difference  may  be  due  to  differences  be- 
tween the  two  phases  in  activity  coefficients  of  water  and 
of  dissolved  substances,  as  well  as  to  the  relatively  large 
osmotic  effect  of  hemoglobin,  and  to  unequal  distributions 
of  substances  not  accounted  for  in  the  balance  sheet. 

There  can  be  but  little  profit  in  further  analysis  of  the 
nomogram  and  of  the  tables.  It  will  be  found  in  the  suc- 
ceeding chapters  that  they  meet  the  test  of  use  and  that 
they  appear  to  be  free  from  large  errors,  except,  perhaps, 
such  as  may  be  involved  in  the  inaccuracy  of  accepted 
values  of  physical  and  chemical  constants  used  in  compu- 
tation. But  when  errors  of  this  kind  are  discovered  they 
can  ordinarily  be  corrected. 

More  useful  is  comparison  with  the  nomogram  and 
tables  representing  the  blood  and  respiratory  cycle  of 
another  normal  man,  C.V.C.,  at  rest.  These  may  be  found 
in  figure  158  and  in  tables  22,  23,  and  24.121  In  this  case 

121  Dill,  van  Canlaert,  Hurxthal,  Stoddard,  Bock,  and  Henderson, 
Journal  of  Biological  Chemistry,  LXXIII,  251  (1927). 
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Blood  of  C.V.C.  at  Best 
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Total  CO. 


TABLE  23. 
C.V.C.  Serum. 

Arterial 

cc.  per  I.  serum 922 

"      140.7 

"      102.56 

"      12.24 

"      25.92 

"      1.24 

"      27.16 


Venous 

921 

141.6 

102.03 

12.16 

27.41 

1.38 

28.79 


A 
-1 

+0.9 

-0.53 

-0.08 

+1.49 

+0.14 

+1.63 


H20 

B 

CI 

BP 

BHC03 

H2C03 

Total  C02 

Combined  O, 


TABLE  24. 

C.V.C.  Cells. 

Arterial 

cc.  per  I.  cells 714.7 

115.83 

47.03 

54.1 

14.71 

0.88 

15.59 

20.81 
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11      1 

Venous 

717.9 

114.79 

48.27 

50.45 

16.08 

0.99 

17.07 

16.19 


A 
+3.2 
-1.04 
+1.24 
-3.65 
+1.37 
+0.11 
+1.48 
-4.38 


total  base  was  not  determined.  X  is,  therefore,  unac- 
counted for  and  the  value  of  B,  equal  to  BP  +  BHC03, 
is  correspondingly  low.  Between  the  blood  of  C.V.C.  and 
that  of  A.V.B.  there  is,  during  rest,  no  significant  differ- 
ence. The  respiratory  cycles  are  also  indistinguishable. 
Therefore,  since  observations  on  several  other  normal 
men  agree  closely  with  these  two  cases,  it  seems  probable 
that  the  facts  presented  in  this  and  the  preceding  chapters 
may  be  used  with  confidence  as  a  basis  for  comparative 
studies,  including  a  comparison  of  rest  and  activity,  of 
health  and  disease,  and  of  species  and  species.  Our  studies 
have  not  yet  gone  far  enough  to  enable  us  to  define  the 
range  of  variation  which  may  be  regarded  as  normal  in 
man  at  rest.  But  it  seems  probable  that  normal  variation 
involves  little  more  than  well-known  minor  fluctuations  in 
the  volumes  of  the  two  phases  of  the  blood  and  in  the  level 
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of  the  carbon  dioxide  dissociation  curves.  These  result  in 
merely  trivial  modifications  of  the  nomogram  and  of  the 
respiratory  cycle. 

All  the  figures  and  tables  of  the  preceding  chapter  and 
of  the  present  one  may  be  used  as  a  means  of  defining  the 
system  of  the  blood  and  its  activities.  The  figures  of  the 
preceding  chapter,  together  with  tables  15,  16,  and  17 
above,  are  more  comprehensive  and  more  convenient.  The 
respiratory  cycle  which  they  define  is  one  of  moderate  ac- 
tivity. On  the  other  hand,  the  second  characterization  of 
the  blood  of  A.V.B.,  which  the  present  chapter  presents, 
corresponds  to  the  state  of  rest.  In  some  respects  it  is 
slightly  more  accurate  than  the  first  description;  in  other 
respects  it  makes  use  of  slightly  different  constants, 
which  at  present  seem  preferable  to  those  formerly  em- 
ployed; and,  for  these  reasons,  it  appears  to  be  better 
fitted  for  use  as  a  standard  of  comparison. 


CHAPTER  VIII 

BLOOD  AND  CIRCULATION 

A  STATE  of  mutual  dependence  exists,  not  only  be- 
/\  tween  the  different  functions  of  the  blood,  but  also 
J.  \  between  these  functions  and  those  of  the  circula- 
tion and  respiration,  and  the  other  physiological  activities 
of  the  individual.  It  is,  therefore,  possible  to  deduce  from 
the  nomographical  description  of  the  blood  certain  con- 
clusions regarding  the  circulation  and  other  physiological 
functions.  But,  needless  to  say,  the  properties  of  the  blood 
cannot  unequivocally  determine  those  of  the  circulation; 
they  do  but  impose  certain  restrictions  upon  these  prop- 
erties. It  is  these  restrictions  that  we  shall  now  study. 

In  the  preceding  chapter  we  have  obtained,  by  the  use 
of  a  graphical  method,  an  estimate  of  the  sequence  of 
changes  in  the  blood  which  constitute  its  respiratory 
cycle.  The  method  makes  use  of  experimental  data  and  of 
the  single  assumption  that  the  movements  of  oxygen  and 
of  carbonic  acid  into  the  blood  and  out  of  it  are  processes 
of  diffusion,  not  complicated  by  unknown  phenomena.  The 
accuracy  of  the  method  is  somewhat  uncertain,  because 
the  coefficients  of  diffusion  of  oxygen  and  carbonic  acid 
within  the  body  can  be  only  roughly  estimated,  and  be- 
cause we  are  not  fully  informed  concerning  the  rate  of 
mixing  of  blood  in  capillaries.  But  there  is  little  reason  to 
doubt  the  substantial  trustworthiness  of  the  result,  which 
is  represented  by  the  cycle  of  figure  148  and  by  that  of  the 
large  nomogram,  figure  41.  For  the  determination  of  time 
as  a  function  of  change  in  the  composition  of  blood  a  sec- 
ond graphical  method  has  been  employed  in  these  calcula- 
tions, the  result  of  which  is  given  in  a  simple  form  on  fig- 
ure 148,  and  also  on  figure  41.  To  this  method,  which  has 
not  yet  been  described,  we  must  first  turn  our  attention. 
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In  order  to  fix  our  ideas  we  may  begin  with  a  tabulation 
of  simultaneous  values  of  the  concentrations  of  free  oxy- 
gen and  of  oxyhemoglobin,  throughout  the  cycle  repre- 
sented by  figure  148.122 


TABLE  25. 

i-  c\ 

' 

PU2 

1 

Hb02  saturation 

Lung 

Tissues 

per  cent 

mm. 

mm. 

65 

34.0 

34.0 

70 

37.0 

37.4 

75 

40.5 

41.3 

80 

44.7 

45.7 

85 

50.0 

51.4 

90 

58.0 

61.2 

95 

73.2 

75.0 

96 

78.0 

78.0 

Taking  first  the  case  of  the  lung,  it  is  evident  that  table 
25  makes  possible  the  calculation,  for  every  value  of 
Hb02,  of  the  effective  head  of  oxygen  pressure  causing 
the  diffusion  of  oxygen  from  alveolar  air  to  blood.  This 
head  of  pressure  is,  in  fact,  equal  to  the  mean  partial 
pressure  of  oxygen  in  the  alveolar  air,  minus  the  partial 
pressure  of  free  oxygen  in  blood.  Thus  it  is  possible  by 
simple  subtraction,  given  the  partial  pressure  of  oxygen 
in  the  alveolar  air  of  A.V.B.  as  110  mm.,  to  obtain  the 
values  of  table  26. 


TABLE  26. 

Lung. 

)2  saturation 

02head  (Ap) 

per  cent 

mm. 

65 

76.0 

70 

73.0 

75 

69.5 

80 

65.3 

85 

60.0 

90 

52.0 

95 

36.8 

96 

32.0 

122  Henderson  and  Murray,  Journal  of  Biological  Chemistry,  LXV, 
407  (1925). 
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Making  use  of  this  table,  we  may  next  lay  off  as  ordi- 
nates  on  figure  159  values  of  Hb02 ,  and  at  convenient  in- 
tervals draw  sets  of  parallel  lines  whose  slopes  measure 
the  head  of  oxygen  pressure  for  the  ordinates  on  which 
they  are  placed.  Then  that  curve  which,  beginning  at 
Hb02  =.  66  per  cent  and  ending  at  Hb02  =  96  per  cent,  is 
everywhere  parallel,  at  the  corresponding  values  of  Hb02 , 
with  the  slopes  thus  drawn,  represents  the  necessary 
course  of  the  diffusion  process  in  the  lung.  Therefore,  if 
we  assume  uniformity  of  structure  and  of  blood  flow  in 
the  capillary,  the  abscissa  under  the  curve  may  be  taken 
to  represent  the  length  of  an  average  lung  capillary,  or, 
what  comes  to  the  same  thing,  time. 

This  may  be  stated  mathematically  as  follows.  Let  R  be 
rate  of  diffusion ;  Ap,  head  of  oxygen  pressure ;  s,  quan- 
tity of  oxygen  diffusing ;  and  t,  time.  Then 

Accordingly,  it  is  only  necessary  to  divide  the  abscissa 
under  the  curve  into  ten  equal  parts  and  to  read  from  the 
curve  the  values  of  Hb02  corresponding  to  these  divi- 
sions, in  order  to  be  able  to  graduate  the  process  of  diffu- 
sion in  the  lung  in  the  manner  of  the  preceding  chapter. 

On  the  assumption  that  the  oxygen  concentration  in  the 
tissues  is  negligibly  small,  and  taking  into  consideration 
an  average  capillary,  which  delivers  blood  of  the  composi- 
tion of  mixed  venous  blood  to  the  vein,  it  is  easy  to  re- 
peat the  construction  and  thus  to  obtain  a  corresponding 
result  for  a  capillary  of  the  greater  circulation.  This  has 
been  done  in  figure  160.  Here  also  one  is  dealing  with  an 
ideal  capillary  corresponding  to  a  statistical  mean,  and 
in  this  case,  no  doubt,  the  extreme  departures  from  the 
mean  which  actually  occur  in  the  organism  are  very  large. 
It  is  also  extremely  improbable  that  in  all  parts  of  the 
body  the  oxygen  concentration  of  the  tissues  can  be  negli- 
gibly small.  We  shall  return  to  a  consideration  of  these 
difficulties. 
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Fig.  159 
Diffusion  in  Lung 
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SPECIFIC  DIFFUSING  CAPRCITY 

Fig.  160 
Diffusion  in  Tissues 


From  what  has  been  said  above  it  is  evident  that  we 
may  draw  useful  conclusions  from  a  comparison  of  the 
lengths  of  the  abscissas  under  the  curves  of  figures  159 
and  160.  These  lengths  are,  in  fact,  proportional  to  the 
total  areas  of  uniform  diffusing  surface  over  which,  in 
equal  periods  of  time,  equal  volumes  of  arterial  and  ve- 
nous blood  must  pass,  under  the  conditions  which  have 
been  assumed  in  the  construction  of  the  figures,  in  order 
that  the  respiratory  exchange  may  be  accomplished.  Each 
length  may  be  regarded  as  a  measure  of  the  specific  dif- 
fusing capacity  of  the  capillary  system  in  question,  in 
other  words  of  the  diffusing  capacity,  per  liter  of  blood 
flow,  per  minute,  of  the  capillaries  of  the  lesser  and  of  the 
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greater  circulations  respectively.  Their  ratio  measures, 
therefore,  the  relative  diffusing  capacities  of  lung  and 
tissue  capillaries  for  the  conditions  now  under  discussion. 
We  may  draw  the  conclusion  that  in  a  normal  individual, 
under  conditions  which  exist  during  moderate  exercise, 
when  about  one-third  of  the  oxygen  content  is  removed 
from  the  blood  in  its  passage  through  the  greater  circula- 
tion, the  diffusing  capacity  of  the  active  capillaries  of  the 
greater  circulation  must  be  at  least  20  per  cent  greater 
than  that  of  the  active  capillaries  of  the  lung. 

There  is  no  difficulty  in  repeating  this  investigation  for 
other  respiratory  cycles.  At  present  it  will  perhaps  suffice 
to  restrict  our  attention  to  three  other  instances  in  which 
the  arterial  point  as  well  as  the  respiratory  quotient  re- 
main unchanged,  while  the  venous  points  fall  at  81,  50, 
and  11  per  cent  of  Hb02  respectively.  Figure  161  gives 
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Fig.  161 
Comparison  of  Respiratory  Cycles 
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the  result  of  the  first  integration  for  these  three  cases, 
and  also  for  the  original  case.  Once  more  the  oxygen  of 
the  alveolar  air  is  assumed  to  be  at  a  pressure  of  110  mm., 
that  in  the  tissues  at  0  mm. 
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Fig.  162 
Comparison  of  Conditions  of  Diffusion 


In  figure  162  the  results  of  the  second  integration  for 
all  four  cycles  are  represented.  In  addition  there  is  given 
the  result  obtained  on  the  assumption  that  the  pressure 
of  oxygen  in  the  tissues  of  the  greater  circulation  is  20 
mm.  From  this  figure  it  is  possible  to  read  the  values  of 
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the  specific  diffusing  capacity  for  eleven  cases.  These  are 
assembled  in  table  27. 


TABLE  27. 

Specific  diffusing  capacity  (arterial  point  =  96  per  cent  of  Hb02). 

Venous  point,  per  cent  of  Hb02  81  66  50  11 

Lung  (pO2  =  110)     0.030  0.051  0.072  0.114 

Tissues  (pO2=0)    0.027  0.063  0.118  0.375 

Tissues   (pO2  =  20)    0.038  0.120  0.250 

TABLE  28. 

Diffusing  capacity  per  liter  of  oxygen  per  minute  (arterial  point  =  96 
per  cent  of  Hb02). 

Venous  point,  per  cent  of  Hb02  81  66  50  11 

A02  per  cent 15  30  46  85 

Lungs  (pO2  =  110)   1.00  0.85  0.79  0.67 

Tissues  (pO2=0)    0.90  1.05  1.29  2.21 

Tissues  (pO2  =  20)    1.27  2.00  2.74 

More  clearly  to  illustrate  the  conditions  imposed  upon 
the  organism  by  the  properties  of  the  blood,  the  data  of 
table  27  have  been  converted  into  those  of  table  28.  Here 
are  presented  the  values  of  diffusing  capacity,  per  liter 
of  oxygen  diffusing,  per  minute. 

These  tables  lead  to  the  conclusion  that  the  total  area 
of  diffusing  surface,  which  we  may  assume  to  be  roughly 
proportional,  for  similar  structures,  to  the  number  of 
physiologically  active  capillaries,  is  subject  to  wide  varia- 
tion. Such  variation  is  the  expression  of  a  simple  physical 
necessity. 

The  coefficient  of  utilization  of  oxygen  seems  never  to 
rise  in  normal  man  far  above  60  per  cent,  while,  in  a  sta- 
tionary state  of  heavy  work,  oxygen  consumption  may  be 
ten  or  even  fifteen-fold  greater  than  during  rest.  It  is 
evident,  accordingly,  that  diffusing  capacity  in  the  lungs 
may  be  ordinarily  subject  to  a  tenfold  increase  and  in 
the  tissue  to  a  far  greater  increase.  Precise  estimates  are 
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impossible  without  knowledge  of  the  variations  of  oxygen 
partial  pressure  in  lungs  and  tissues,  while  the  problem 
of  the  distribution  of  the  blood  to  the  different  parts  of 
the  body  raises  difficulties  of  another  character,  in  part 
statistical,  and  there  are  also  further  complications. 

The  root  of  the  matter  is  no  other  than  that  which  con- 
fronted us  when  studying  separately  the  acid-base  equi- 
librium and  dissociation  curves  and  the  heterogeneous 
equilibrium  of  the  blood.  For  at  another  level  of  physio- 
logical integration  we  are  once  more  seeking  the  relations 
between  a  number  of  variables  such  as  diffusing  capacity, 
coefficient  of  utilization  of  oxygen,  head  of  oxygen  pres- 
sure, blood  flow,  and  metabolic  rate.  Once  more  each  of 
these  variables  is  a  function  of  all  the  others.  Given  the 
same  difficulty,  a  similar  resolution  should  be  sought  and 
it  has  been  found  by  Murray  and  Morgan.123  Therefore, 
we  must  next  follow  their  treatment  of  the  subject. 

We  shall  begin  with  a  series  of  definitions.  Let  the 
metabolic  rate,  MR,  be  measured  by  the  consumption  of 
oxygen  in  cubic  centimeters  per  minute ;  the  blood  flow, 
BF,  in  liters  per  minute,  the  concentration  of  hemoglobin 
in  the  blood,  Hgb,  in  volumes  per  cent,  the  coefficient  of 
utilization  of  oxygen,  a02  per  cent,  by  the  difference  in 
per  cent  saturation  of  hemoglobin  in  arterial  and  of  ve- 
nous bloods.  Let  a02  cc.  be  the  difference,  measured  in 
cubic  centimeters,  between  the  oxygen  content  of  one 
cubic  centimeter  of  arterial  and  venous  bloods.  Let  DC  be 
the  diffusing  capacity,  SDC  the  specific  diffusing  ca- 
pacity, and  Ap'  the  head  of  pressure,  measured  in  cubic 
centimeters  of  mercury,  which,  if  the  head  were  constant 
throughout  the  capillary,  would  involve  the  diffusion  of 
oxygen  that  does  in  fact  take  place  under  the  varying 
head  of  pressure. 

Then  we  have,  from  the  law  of  diffusion 

Ap'  XDC  =  MR,  (1) 

123  Murray  and  Morgan,  Journal  of  Biological  Chemistry,  LXV,  419 
(1925). 
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where  the  unit  of  DC,  twenty  times  greater  than  that 
above  employed,  is  determined  by  the  relation  expressed 
in  equation  1. 

Also,  from  the  definition  of  specific  diffusing  capacity, 
we  have 

lOAp'  X  SDC  =  A02  per  cent, 

or  if  we  follow  Murray  and  Morgan  and  define  a  new  fac- 
tor, SHF,  the  specific  hemoglobin  flow  by  the  relation 

SHF  =  SDC' 
we  have 

lOAp'  =  SHF  X  A02  per  cent,  (2) 

and,  finally,  the  two  following  relations  are  self-evident: 

A02  per  cent  X  Hgb  =  10,000  A02  cc,  (3) 

1000  A02  cc.  X  BF  =  MR.  (4) 

The  meaning  of  the  term  &p'  may  be  more  readily  appre- 
ciated by  reference  to  figure  159.  On  this  figure  a  straight 
line  drawn  from  the  venous  point  to  the  arterial  point  has 
a  slope  Ap',  which  is  related  to  the  slope  of  the  small  lines 
measuring  the  values  of  &p  for  different  points  in  time  in 
accordance  with  the  equation 


Ap'  X  t  =  f jjA  Apdt. 


This   factor,    &p\   has   been   previously   considered   by 
Bohr124  and  by  Barcroft.125 

The  meaning  of  the  term  DC  can  hardly  be  defined  with 
precision,  except  by  means  of  the  discussion  of  the  earlier 
portion  of  this  chapter.  Certain  it  is,  however,  that,  all 

124  C.  Bohr,  Skandinavisches  Archiv  fur  Physiologie,  XXII,  221 
(1909). 

125  Barcroft,  Binger,  Bock,  Doggart,  Forbes,  Harrop,  Meakins,  and 
Redfield,  Philosophical  Transactions,  Royal  Society,  CCXI,  351,  Lon- 
don, 1922. 
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other  things  being  equal,  it  must  be  proportional  to  the 
number  of  open  capillaries  and  this  is  perhaps  for  simi- 
lar organs  often  approximately  true,  since  we  may  expect 
statistical  uniformities  to  manifest  themselves. 

Each  of  the  equations  1,  2,  3,  and  4,  may  be  represented 
by  a  simple  Cartesian  contour  line  chart  on  which  the  con- 
tour lines  radiate  from  the  origin.  Moreover,  the  fact  that 
some  variables  occur  twice  in  the  equations  makes  possi- 
ble an  arrangement  of  four  adjoining  graphs  in  such  a 
way  that  but  two  sets  of  ordinates  (MR  and  a02  per  cent) 
and  two  sets  of  abscissas  (Ap'  and  a02  cc.)  are  employed. 
This  arrangement  will  be  found  on  figure  163. 

On  this  figure  the  lower  right  quadrant  corresponds  to 
equation  2,  where  the  Cartesian  coordinates  represent  Ap' 
and  a02  per  cent,  the  radiating  contour  lines  SHF,  the 

value  of  which,  it  will  be  remembered,  is  equal  to   ^=—  • 

The  lower  left  quadrant  corresponds  to  equation  3,  and 
the  radiating  lines  represent  values  of  Hgb.  The  upper 
right  quadrant  corresponds  to  equation  1,  with  radiating 
lines  for  the  values  of  DC.  Finally,  the  upper  left  quad- 
rant corresponds  to  equation  4  and  its  radiating  lines 
give  values  of  BF. 

On  figure  163  the  relations  between  the  variables  now 
in  question  may  be  conveniently  and  at  the  same  time 
completely  represented.  As  an  example,  let  us  take  the 
case  where  the  value  of  MR  is  210  cc.  02  per  minute,  of 
Hgb  20  volumes  per  cent,  of  a02  per  cent  21  per  cent.  By 
the  process  of  integration  described  above  Ap'  for  the 
lung  is  found  to  have  the  value  53  mm.  We  now  draw 
horizontal  lines  through  the  ordinates  corresponding  to 
MR  =  210  and  a02  per  cent  =  21,  next  a  vertical  line 
through  the  abscissa  corresponding  to  Ap'  =  53  and  fi- 
nally a  vertical  line  through  the  point  of  intersection  of 
the  ordinate  corresponding  to  a02  per  cent  =  21  with  the 
contour  line  corresponding  to  Hgb  =  20.  In  this  manner 
a  rectangle  is  constructed.   The  positions   of  the  four 
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angles  of  this  rectangle  give  the  values  of  all  the  other 
variables  for  the  lung  as  follows : 

SHF  =  25  (SDC  =  0.040), 
A02  cc.  =  0.042, 
BF  =  5, 
DC  =  4.0. 

Such  a  method  of  presenting  the  facts  is,  however,  of 
but  little  value  and  the  real  usefulness  of  the  figure  de- 
pends upon  the  construction  of  a  set  of  auxiliary  charts 
which  obviate  the  laborious  estimates  of  the  values  of 
Ap'  or  of  the  diffusing  capacity,  and  make  possible  the 
determination  of  all  the  eight  variables  from  measure- 
ments, in  the  case  of  the  pulmonary  circulation,  of  the 
values  of  MR  and  Hgb  and  in  addition  of  p02  for  alveolar 
air,  of  pH8  for  arterial  blood  and  of  the  oxygen  content 
of  arterial  and  venous  bloods.  A  similar  procedure  is  also 
available  as  a  means  of  defining  the  conditions  of  the 
greater  circulation. 

We  have  seen  that  it  is  possible  to  determine  the  values 
in  the  lung  of  DC,  &p',  and  also  of  SDC,  from  complete 
information  concerning  a  given  specimen  of  blood,  when 
the  pressure  of  oxygen  in  alveolar  air  and  the  arterial 
and  venous  points  are  known.  Accordingly,  this  may  be 
done  for  a  large  number  of  cases,  thus  enabling  us  by  in- 
terpolation to  find  any  of  these  values  without  computa- 
tion, in  any  case  which  may  later  present  itself.  The  prob- 
lem which  Murray  and  Morgan  have  solved  is  how  to 
make  such  interpolation  convenient.  Their  first  step  is  to 
reduce  the  problem  to  that  of  finding  the  position  of  that 
angle  of  the  rectangle  which  falls  in  the  lower  right  quad- 
rant of  figure  163.  Clearly,  this  is  a  convenient  simplifica- 
tion, for  the  position  of  this  point,  the  value  of  MR,  and 
the  value  of  Hgb  determine  the  rectangle.  Their  next  step 
depends  upon  the  fact  that  the  most  important  variables 
in  determining  the  differences  between  different  physio- 
logical states  are  the  hydrogen  ion  concentration  of  the 
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cells  and  the  oxygen  pressure  of  alveolar  air,  or,  in  the 
case  of  the  greater  circulation,  the  corresponding  oxygen 
pressure  of  the  tissues.  However,  the  values  of  pHc  are 
not  very  easy  to  measure,  while  they  are  in  general,  for 
normal  human  blood,  not  far  from  proportional  to  values 
of  pHs.  Therefore,  values  of  pHs,  of  alveolar  p02,  and 
of  tissue  p02  have  been  chosen  as  the  basis  of  the  inter- 
polation. 

Finally  a  series  of  charts,  twenty-one  in  number,  have 
been  constructed,  corresponding  to  conveniently  spaced 
values  of  pH8  and  of  p02  for  alveolar  air  or  for  the  tis- 
sues. Each  of  these  charts  is  to  be  regarded  as  a  lower 
right  quadrant  of  figure  163.  Each  contains  for  a  particu- 
lar value  of  pH8  and  of  p02  in  alveolar  air,  or  tissues, 
contour  lines  which  designate  the  oxygen  contents  of  ar- 
terial and  venous  bloods.  The  position  of  these  lines  has 
been  calculated  in  accordance  with  the  methods  explained 
at  the  beginning  of  this  chapter.  In  every  case  the  inter- 
section of  the  venous  line  corresponding  to  the  oxygen  con- 
tent of  venous  blood  with  the  arterial  line  corresponding 
to  the  oxygen  content  of  arterial  blood  determines  the 
position  of  the  lower  right  angle  of  the  rectangle  on  fig- 
ure 163.  Thus  each  chart  is  based  on  the  simplifying  as- 
sumption that  for  given  values  of  pHs  and  of  p02  in  al- 
veolar air  or  tissues  the  positions  of  the  arterial  and 
venous  points  unequivocally  determine  the  conditions  of 
diffusion,  regardless  of  fluctuations  in  Hgb  and  in  other 
components  of  the  blood.  As  an  approximation  this  as- 
sumption is  justified  by  all  our  experience  with  normal 
human  blood.  In  pernicious  anemia,  in  the  two  cases  of 
nephritis  which  we  have  studied,  and  in  the  turtle,  a  sen- 
sible modification  of  the  relation  between  pHs ,  pHc ,  and 
the  affinity  of  hemoglobin  for  oxygen  seems  to  exist.  This 
slightly  modifies  the  method  of  using  the  charts. 

Aside  from  the  use  of  figure  163  and  of  the  twenty-one 
alternative  lower  quadrants  of  that  figure  as  a  means  of 
defining  the  conditions  in  a  particular  case,  these  graphi- 
cal constructions  afford  an  invaluable  aid  in  understand- 
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ing  the  relations  between  the  following  variables:  (1) 
oxygen  saturation  of  arterial  blood,  (2)  oxygen  satura- 
tion of  venous  blood,  (3)  partial  pressure  of  oxygen  in 
alveolar  air,  (4)  partial  pressure  of  oxygen  in  tissues, 
(5)  pH8,  (6)  metabolic  rate,  (7)  blood  flow,  (8)  diffusing 
capacity,  (9)  mean  head  of  oxygen  pressure  in  the  capil- 
laries, (10)  oxygen  transport  per  unit  volume  of  blood, 

(11)  variation  in  saturation  of  hemoglobin  with  oxygen, 

(12)  hemoglobin  content  of  blood,  (13)  specific  hemoglo- 
bin flow  or  specific  diffusing  capacity.  Many  of  these  re- 
lations are,  indeed,  simple  and  obvious,  but  when  so  many 
are  simultaneously  involved  an  artificial  aid  to  the  imagi- 
nation is  indispensable. 

The  twenty-one  alternative  lower  quadrants  of  figure 
163,  charts  I  to  XXI,  are  arranged  according  to  the  fol- 
lowing plan : 

Lung  charts.  Tissue  charts. 

pH8  p02  alveolar  air.  p02  tissues. 

110  100  90  70  50  0  20 

7.25  I  II  III  IV  V  VI         VII 

7.45        VIII  IX  X  XI         XII        XIII        XIV 

7.65  XV        XVI        XVII        XVIII        XIX  XX        XXI 


The  scale  for  &p\  in  mm.  of  mercury,  is  numbered  at 
the  top  of  each  chart.  a02  per  cent,  the  scale  of  ordinates, 
is  measured  downward.  On  each  of  the  lung  charts  is  a 
set  of  curves,  numbered  at  their  lower  extremities  accord- 
ing to  the  arterial  percentage  saturations,  A  per  cent, 
which  they  represent.  These  lines  are  crossed  by  a  few 
venous  lines,  and  limited  by  the  curve  V  per  cent  =  0. 
The  limit  of  arterial  saturation  is  given  by  the  numbers  in 
brackets  (near  the  numeral  designating  the  number  of 
each  chart),  and  this  limit  is  represented  by  the  vertical 
line  Ap'  =  0.  On  the  tissue  charts  the  general  positions  of 
the  arterial  and  venous  lines  are  reversed,  and  the  limit 
of  reduction  of  the  blood  is  given  as  before  in  brackets, 
and  this  limit  also  is  represented  by  the  line  &p'  =  0. 
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Chart  I.  pC>2  alveolar  air  =  110  mm.;  pH,  =  7.25. 
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Chart  II.  pO%  alveolar  air  =  100  mm  ;  pH,  =  7.25. 

Fig.  164:  and  Fig.  165 
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Chart  III.  p02  alveolar  air  =  90  mm. ;  pHs  =  7.25. 
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Chart  IV.  p02  alveolar  air  =  70  mm.jpH,  =  7.25. 
Fig.  166  and  Fig.  167 
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Chart  V.  pOi  alveolar  air  -  50  mm.;  pH8  =  7.25. 
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Chart  VI.  p02  tissues  =  Omrn.jpH,  ■  7.25. 
Fig.  168  and  Fig.  169 
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Chart  VII.  pO*  tissues  =  20  mm. ;  pH.  =  7.25. 


10         20         30         40         50        60         70         80         90         100 


*qz 


Chart  VIII.  pO*  alveolar  air  =  110mm.;pH,  =  7.45. 
Fig.  110  and  Fig.  171 
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Chart  IX.  p02  alveolar  air  =  100  mm.,  pH5  =  7.45. 
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Chart  X    p02  alveolar  air  =  90  mm. ;  pH,  =  7.45 
Fig.  172  and  Fig.  173 
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Chart  XI    p02  alveolar  air  =  70  mm. ;  pH,  =  7.45. 
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Chart  XII.  p02  alveolar  air  =  50mm.;pH,  =  7.45. 
Fig.  174  and  Fig.  175 
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Chart  XIII.  p02  tissues  =  0  mm. ;  pH,  =  7.45. 
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Chart  XIV.  p02  tissues  =  20mm.;pH,  =  7.45. 
Fig.  176  and  Fig.  177 
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Chart  XV.  pOj  alveolar  air  =  110  mm.;  pH.  =  7.65. 
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Chart  XVI.  p02  alveolar  air  =  100  mm.;  pH,  =  7.65: 

Fig.  178  and  Fig.  179 
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Chart  XVII.  p02  alveolar  air  =  90mm.;pHa  =  7.65. 
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Chart  XVIII.  p02  alveolar  air  =  70mm.;pH,  =  7.65. 
Fig.  180  and  Fig.  181 
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Chart  XIX.  p02  alveolar  air  =  60  mm.;  pH«  =  7.65. 
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Chart  XX.  p02  tissues  =  Omm.jpH,  =  7.65. 
Fig.  182  and  Ft#.  183 
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Chart XXI    pOi  tissues  =  20  mm. ;  pH,  =  7.65. 
Fig.  184 


It  will  be  noticed  that,  since  a02  per  cent  is  determined 
by  the  ordinates  of  the  coordinate  system,  the  set  of  ar- 
terial lines  necessarily  determines  the  set  of  venous  lines 
on  the  same  chart,  and  vice  versa.  The  lines  denoting 
specific  hemoglobin  flow,  SHF,  could  have  been  drawn  on 
these  charts  in  accordance  with  equation  2. 

An  example  of  the  method  of  using  the  charts  is  as  fol- 
lows: Given  p02  alveolar  air  =  95,  pHs  =  7.35,  A  per 
cent  =  95,  and  V  per  cent  =  65 ;  to  find  Ap'  and  SHF  by 
double  interpolation.  First,  reference  is  made  to  chart  II 
(p02  =  100  and  pHs  =  7.25),  and  here  the  intersection  of 
the  line  A02  per  cent  =  30  with  the  curve  A  per  cent  =  95 
yields  the  value  Ap'  =  39.  Similarly,  readings  are  made 
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on  three  other  charts  as  indicated  in  the  following  tabula- 
tion: 


pHs 

pO2  =  100 

pO2  =  90 

p02  =  95 

7.25 

II  :  39 

III  :  26 

32.5 

7.45 

IX  :  51 

X  :  40 

45.5 

7.35 

45 

33 

39.0 

The  required 

value  for 

Ap' 

is  39  mm.; 

and  SHF 

(39  X  10) 

=  13. 

30 

In  using  the  charts  the  variables  may  apply  to  the  ex- 
changes of  a  single  capillary,  of  a  single  organ,  or  of  the 
pulmonary  circulation  or  the  greater  circulation  as  a 
whole.  When  the  whole  circulation  is  in  question  MR  des- 
ignates total  metabolism,  BF  the  total  blood  flow  and  DC 
the  total  diffusing  capacity  of  the  lesser  or  greater  circu- 
lation of  the  individual. 

The  preferable  method  of  use  of  figure  163  and  the 
charts  may  now  be  illustrated.  Let  the  partial  pressure  of 
oxygen  in  alveolar  air  be  110  mm.,  the  value  of  pH9  for 
arterial  blood  7.45.  Then  chart  VIII  is  to  be  taken  as  the 
lower  left  quadrant  of  figure  163.  Next  let  the  hemoglobin 
of  arterial  blood  be  96  per  cent  saturated  with  oxygen, 
that  of  venous  blood  75  per  cent  saturated  with  oxygen. 
These  two  values  now  fix  a  point  on  chart  VIII  which  may 
be  found  by  interpolation  between  A  and  V  contour  lines 
of  that  chart  or,  more  conveniently,  by  interpolation  on 
the  ordinate  representing  a02  per  cent  =  21  (96  —  75  = 
21)  between  the  contour  lines  for  A  =  98  and  A  =  95.  On 
chart  VIII  this  point  has  the  coordinates  A02  per  cent  = 
21  per  cent,  Ap'  =  53  mm.  This  point  may  now  be  marked 
on  figure  163. 

As  before  we  take  the  values  Hgb  =  20  and  MR  =  210 
and  construct  a  rectangle,  the  angles  of  which  define  all 
the  conditions.  In  this  manner  we  obtain  graphically  from 
the  measurements  of  p02  in  alveolar  air,  of  pHs  in  ar- 
terial blood,  of  the  oxygen  saturations  of  arterial  and  ve- 
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nous  bloods,  of  the  metabolic  rate,  and  of  the  oxygen  ca- 
pacity of  the  blood,  the  values  of  the  other  six  variables : 
Ap'  =  53,  A02  per  cent  =  21,  SHF  =  25  (or  SDC  =  0.040), 
A02  cc.  =  0.042,  BF  =  5.0,  and  DC  =  4.0.  All  these  results 
are  represented  by  the  dotted  rectangle  of  figure  163. 

Murray  and  Morgan  continue  the  discussion  as  fol- 
lows :126  "If  it  were  possible  to  determine  the  oxygen  pres- 
sure of  the  tissues,  and  if  this  pressure  were  uniform,  the 
original  experimental  determinations  mentioned  above 
(with  a  value  of  p02  tissues  substituted  for  p02  alveolar 
air)  could  be  applied  to  the  greater  circulation.  As  it  is, 
the  best  that  can  be  done  in  practice  is  to  assume  some 
standard  arbitrary  value  for  p02  tissues.  Thus  relative 
values  can  be  obtained  for  the  other  factors  which  might 
be  of  interest.  For  instance,  to  continue  with  the  special 
case  just  discussed,  assuming  p02  tissues  =  0,  and  neg- 
lecting for  the  moment  the  small  difference  in  pH8  be- 
tween arterial  and  venous  bloods,  one  refers  to  chart 
XIII.  Then,  utilizing  values  already  stated  above,  one 
finds  for  the  tissues : 

(13)  Ap' =  51  mm., 

(14)  SHF  =  24, 

(15)  DC  =  4.1. 

Other  variables,  represented  by  the  left  portion  of  the 
rectangle  are  identical  for  lungs  and  tissues  in  any  given 
steady  state.  The  only  difference  between  the  lung  and 
tissue  rectangle  lies  in  the  position  of  the  line  forming  the 
right  side  of  each  rectangle. 

"If  the  oxygen  pressure  of  the  tissues  were  uniform, 
regardless  of  its  actual  value,  the  whole  process  of  oxy- 
gen exchange  and  transport  in  lungs  and  tissues  together 
could  be  described  fairly  accurately  as  the  operation  of  a 
system  with  seven  degrees  of  freedom.  It  is  interesting  to 
observe  that  when  the  conditions  prevailing  in  the  lung 
have  been  defined,  all  but  one  of  the  theoretically  inde- 

126  Murray  and  Morgan,  loc.  cit.,  p.  438. 
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pendent  variables  are  approximately  determined  for  the 
tissues  as  a  whole. 

"Although  forming  no  essential  part  of  the  present 
paper,  it  may  be  pointed  out  that  the  determination  of  the 
variables  already  mentioned  leads  to  certain  other  factors 
which  amplify  the  general  description  of  the  circulation. 
For  example,  if  BF  be  multiplied  by  the  systolic  blood 
pressure,  a  good  estimate  of  the  effective  mechanical 
work  of  the  heart  is  obtained.  Similarly,  BF  divided  by 
the  pulse  rate  yields  a  value  for  the  volume  output  of  each 
ventricle  per  beat.  The  blood  flow,  the  blood  pressure,  and 
the  viscosity  of  blood,  taken  together  can  lead  to  valuable 
information  concerning  the  peripheral  vessels  and  circu- 
lation/? 

Murray  and  Morgan  have  carefully  pointed  out  the 
sources  of  error  which  are  involved  in  the  use  of  figure 
163.  One  of  these,  abnormal  variation  in  the  relation  be- 
tween values  of  pH3  and  the  affinity  of  hemoglobin  for 
oxygen  has  been  mentioned.  A  second  is  due  to  neglecting 
the  small  amount  of  free  oxygen  in  calculating  a02  per 
cent.  This  is  in  general  a  source  of  but  slight  inconsist- 
ency in  the  results ;  it  is  a  customary  approximation  which 
has  often  been  used  in  this  book.  Ajiother  source  of  error 
is  due  to  the  fact  that  the  values  of  pHs  and  pHc  do  not 
remain  constant  during  the  respiratory  cycle.  But,  if  the 
values  of  pHs  for  arterial  blood  be  taken  in  the  case  of 
lung  diffusion  and  the  values  of  pHs  for  venous  blood  be 
taken  in  the  case  of  tissue  diffusion  very  small  errors 
are  involved.  This  may  be  seen  from  inspection  of  figures 
42-146  and  of  the  form  of  the  cycle  on  figure  148.  These 
conditions  depend  upon  the  rapidity  with  which  carbonic 
acid  diffuses,  a  fact  which  has  been  explained  in  Chapter 
VII.  The  assumptions  of  thorough  mixing  and  of  very 
rapid  chemical  reaction  within  the  blood  itself  are  other 
possible  sources  of  error. 

We  may  conclude  this  discussion  with  a  final  quotation 
from  the  paper  of  Murray  and  Morgan  :127 

127  Murray  and  Morgan,  loc.  cit.,  p.  441. 
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' '  The  last  question  to  be  raised  in  respect  to  the  under- 
lying assumptions  in  our  calculations  concerns  the  exten- 
sion of  results,  based  on  the  theoretical  properties  of 
blood  in  a  given  capillary,  to  cover  the  lung  as  a  whole  or 
the  tissues  as  a  whole.  The  problem  of  the  tissues  is  beset 
with  difficulties.  In  the  first  place  the  oxygen  pressure  of 
the  tissues  cannot  be  accurately  determined.  Secondly, 
the  oxygen  pressure  in  the  tissues  along  a  capillary  is 
probably  not  uniform,  but  higher  at  the  end  which  re- 
ceives the  arterial  blood.  Thirdly,  the  mixed  venous  blood, 
derived  from  various  organs  in  which  p02  may  be  very 
different,  offers  scant  information  in  respect  to  the  pre- 
cise prevailing  conditions.  However,  marked  variations, 
characteristic  of  the  tissue  circulation  as  a  whole  or  of  a 
significant  portion  of  it,  will  be  reflected  in  the  composi- 
tion of  the  mixed  venous  blood.  Thus  comparative  data 
may  be  obtained,  and  for  this  purpose  it  may  be  useful  to 
select  the  arbitrary  value  p02  =  0  as  a  reference  stand- 
ard for  the  oxygen  pressure  of  the  tissues. 

"In  contrast  to  the  diversity  of  conditions  presented  by 
the  rest  of  the  body,  the  lung  offers  a  condition  of  relative 
uniformity.  The  oxygen  pressure  of  the  alveolar  air  can 
be  obtained  with  considerable  accuracy,  and  this  pressure 
is  presumably  uniform  along  the  length  of  a  capillary.  In 
the  lung  there  is  practically  only  one  case  which  cannot 
be  accurately  described  from  data  on  the  mixed  arterial 
blood ;  namely,  a  condition  of  partial  stagnation.  After  a 
quantity  of  blood  has  nearly  reached  equilibrium  with  al- 
veolar air,  it  may  travel  through  any  additional  length  of 
capillary  without  further  detectable  change  in  composi- 
tion. If  a  considerable  quantity  of  such  blood  mixes  with 
blood  which  is  not  in  equilibrium  with  alveolar  air,  the 
mixed  blood  will  not  reveal  the  existence  of  the  super- 
fluous length  of  capillary  through  which  the  first  portion 
has  passed.  The  values  of  &p',  as  determined  by  the  data 
on  such  mixed  arterial  blood,  will  be  too  high,  and  con- 
sequently the  values  of  the  diffusing  capacity  will  be  too 
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low.  The  superfluous  capillary  area  will  not  be  discovered 
unless  other  signs  or  symptoms  suggest  its  existence." 

The  results  which  may  be  obtained  by  the  use  of  figure 
163  and  the  auxiliary  charts  may  be  demonstrated  by  tak- 
ing account  of  observations  of  A.V.B.  at  rest  and  work. 
We  have  from  experimental  measurements  the  following 
data  collected  in  table  29.  These  yield,  by  means  of  the 
graphical  method  of  Murray  and  Morgan,  the  results 
which  are  assembled  in  table  30. 

TABLE  29. 

A.V.B. 

Rest  Work 

p02 ,  alveolar  air,  mm 110  120 

pHs ,  arterial  blood 7.425  7.351 

pH8 ,  venous  blood 7.399  7.278 

Hb02 ,  arterial  blood,  volumes  per  cent  ...  97  96.8 

Hb02 ,  venous  blood,  volumes  per  cent 74  50.4 

A02  per  cent 23  46.4 

Hgb,  volumes  per  cent 20  22 

MR    250  1,750 


TABLE  30. 

A.V.B. 

Both                 (  BF   . . 
circulations  I  A02  cc 

r 

liest 

5.4 

0.046 

r 

\  V  Ol'K 

17.3 

Pulmonary 
circulation 

Ap'   . . 
DC   .. 
SDC  . 
SHF  . 

50 

5 

0.046 
21.7 

66 
27 

0.07 
14.3 

p02 ,  tissues,  mm 

0 

20 

0 

20 

Greater 
circulation 

'Ap    .. 
DC   .. 
SDC  . 
SHF  . 

53 

4.7 
0.043 
23.2 

32 

7.8 

0.072 
13.9 

46 
38 

0.1 
10 

24 
73 

0.192 

5.2 

Too  much  importance  should  not  be  ascribed  to  the  ab- 
solute values  of  these  estimates  because,  unfortunately, 
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the  partial  pressure  of  oxygen  in  the  alveolar  air  during 
work  was  not  accurately  measured.  In  the  greater  circu- 
lation values  of  0  and  20  mm.  for  oxygen  pressure  are  as- 
sumed in  order  to  make  possible  the  calculations.  In  spite 
of  such  defects,  these  results  will  serve  as  a  concrete  ex- 
ample of  the  nature  of  the  relations  which  have  been  dis- 
cussed in  the  present  chapter,  and  which  will  later  find  an 
application  in  the  comparative  studies  to  which  we  must 
now  devote  our  attention. 

Comparative  studies  are  indeed  inevitable  if  further 
progress  is  to  be  made  beyond  the  point  to  which  we  have 
now  attained,  for  the  first  part  of  our  program  has  been 
completed. 

We  have  now  at  our  disposal  a  quantitative  description 
of  the  components  of  the  physico-chemical  system  of  the 
blood  of  vertebrates.  To  this  has  been  added  a  description 
of  the  system  as  a  whole,  then  a  description  of  the  re- 
spiratory cycle  of  the  blood,  and  finally  a  description  of 
the  necessary  relations  between  this  cycle  and  other 
physiological  activities  of  the  body.  As  it  has  been  re- 
peatedly stated,  these  descriptions  are  all  of  a  roughly 
approximate  character  and  not  only  so  because  of  the  un- 
avoidable errors  of  experimental  measurements  but  also 
because  we  have  chosen  to  exclude  from  our  treatment  of 
the  blood  all  variables  which  are  not  of  the  first  impor- 
tance. Such  approximations  I  believe  to  be  not  a  disad- 
vantage but  an  advantage,  or  rather  a  sheer  necessity,  for 
without  them  the  first  synthetic  treatment  of  the  phe- 
nomena would  be  impossible.  It  is,  however,  important 
that  all  known  factors  above  a  certain  order  of  magnitude 
should  be  included  in  the  description  and  this,  I  hope,  has 
been  done.  Needless  to  say,  it  is  only  in  this  sense  that 
the  present  treatment  may  be  considered  complete  and 
there  is  every  reason  to  expect  that  new  discoveries  will 
lead  to  additions  and  modifications. 

Thus  far  we  have  but  incidentally  considered  the  varia- 
tions in  blood,  in  its  respiratory  cycle  and  in  its  relations 
to  other  parts  of  the  body  which  may  be  observed  when 
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the  physiological  state  of  the  individual  varies,  or  when 
disease  leads  to  more  profound  modifications  of  the  or- 
ganism, or  when  different  species  of  animals  are  com- 
pared. But  we  are  now  prepared  to  undertake  such  com- 
parative studies  in  a  manner  which  has  not  hitherto  been 
followed  in  biology.  With  the  help  of  the  cumbersome  but 
powerful  nomographic  methods  which  have  been  set  forth 
in  the  last  three  chapters,  we  may  proceed  to  a  complete 
quantitative  comparison  of  the  physico-chemical  system 
as  a  whole  and  of  its  respiratory  function  in  rest  and 
work,  in  health  and  disease,  and  in  different  species.  Also, 
since  the  components  of  the  system  are  always  the  same, 
in  accordance  with  our  simplifying  assumptions,  we  may 
make  all  these  comparisons  at  once  and  thus,  as  it  were, 
set  up  a  comparative  description  possessing  three  di- 
mensions. 


CHAPTER  IX 

WORK 

MUSCULAR  activity,  when  sufficiently  intense  to 
cause  a  large  increase  of  metabolism,  is  accom- 
panied by  changes  in  the  composition  of  the 
blood.  These  changes  are,  however,  far  from  regular. 
Therefore,  they  must  depend  on  other  factors  beside  the 
metabolism. 

In  general  the  blood  drawn  during  heavy  exercise, 
when  a  steady  state  has  been  established,  contains  a  rela- 
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Oxygen  Capacity  and  Metabolic  Bate 


WORK 


237 


tively  larger  volume  of  cells  and  smaller  volume  of  plasma 
than  that  drawn  from  the  same  individual  during  rest. 
The  data  for  D.B.D.,  shown  as  points  on  figure  185,  give 
a  fair  representation  of  such  variations  in  volume  of  the 
cell  phase.  On  this  figure,  hemoglobin  concentration  is 
plotted  against  metabolic  rate.  Under  the  circumstances, 
the  cells  undergo  no  sensible  changes  in  composition  ex- 
cept those  due  to  the  usual  reversible  exchanges  with 
plasma,  and  the  ordinates  may,  therefore,  be  taken  as  a 
measure  of  cell  volume  or  of  the  "red  count.' '  The  data 
fall  very  irregularly  about  a  straight  line  and  it  is  obvious 
that  the  two  variables  may  be  positively  correlated.  If  we 
correct  for  independent  fluctuations  in  the  composition  of 
blood  the  correlation  is  more  marked.  On  figure  186  the 
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Fig.  186 
Variation  of  Oxygen  Capacity  with  Variation  of  Metabolic  Bate 


variation  of  hemoglobin  concentration  of  blood  is  plotted 
against  variation  of  metabolic  rate  for  all  cases  in  which 
we  have  made  measurements  on  the  same  day,  of  the  same 
blood,  during  rest  and  during  work.  These  observations 
include  two  separate  studies  of  each  of  three  normal  men. 
It  will  be  seen  that  in  every  instance  cell  volume  increases 
with  the  metabolic  rate  and  that  a  rough  approximation 
to  proportionality  of  the  two  variables  may  be  recognized. 
Although  the  composition  of  the  cells  is,  under  these 
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circumstances,  unchanged,  that  of  the  plasma  is  subject 
to  variation.  In  general,  work  seems  to  be  accompanied 
by  a  loss  of  water  from  the  plasma.  This  may  be  illus- 
trated by  figure  187  on  which  are  plotted  changes  in  the 
concentration  of  serum  proteins  accompanying  changes 
in  metabolic  rate  for  five  of  the  six  cases  just  mentioned. 
Needless  to  say,  the  concentrations  of  serum  proteins  and 
of  serum  water  vary  inversely.  Here  again  it  is  plain  to 
see  that  the  variation  in  serum  water  must  also  be  a  func- 
tion of  other  variables. 
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Fig.  187 
Variation  of  Serum  Protein  with  Variation  of  Metabolic  Rate 


These  changes  in  the  composition  of  blood  during  mus- 
cular work  may  perhaps  be  due  to  a  mobilization  of  idle 
red  cells  and  to  the  passage  out  of  the  blood  of  a  fluid 
having  the  composition  of  lymph.  In  the  case  of  A.V.B., 
which  we  are  about  to  study,  the  changes  in  cell  and 
plasma  volumes,  in  plasma  water  and  in  plasma  proteins 
are  such  as  might  be  produced  by  the  removal  from  each 
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liter  of  blood  of  about  50  cc.  of  lymph  and  the  addition  of 
about  25  cc.  of  red  cells.  Such  processes  are  not  incon- 
ceivable. 

A  further  change  in  the  blood  during  muscular  activity 
consists  in  a  decrease  in  its  carbonic  acid  capacity.  This 
may  be  conveniently,  though  very  roughly,  measured  by 
the  total  carbonic  acid  concentration  of  oxygenated  blood 
at  a  pressure  of  40  mm.  of  carbon  dioxide,  i.e.,  by  the  so- 
called  level  of  the  carbon  dioxide  dissociation  curve.  The 
variation  in  level  of  this  curve  is  to  be  attributed  chiefly 
to  the  neutralization  of  lactic  acid,  although  the  increase 
of  sodium  lactate  in  the  blood  is  not  here,  as  it  is  under 
other  circumstances,  equivalent  to  the  fall  in  level.  This 
is  partly  on  account  of  differences  in  pHc ,  through  buffer 
action  of  the  protein  salts  of  blood,  partly  through  ex- 
changes of  other  substances,  in  addition  to  lactic  acid, 
with  the  lymph,  the  muscles,  and  the  other  tissues.  The 
facts  are  illustrated  by  figure  188.  Here  the  two  middle 
curves  represent  the  mean  values,  roughly  estimated,  for 
a  large  number  of  observations  on  A.V.B.,  D.B.D.,  and 
L.M.H.  It  may  be  seen  that  low  degrees  of  muscular  ac- 
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tivity  have  little  or  no  effect  upon  the  level  of  the  carbon 
dioxide  dissociation  curve,  but  that  with  greater  activity- 
there  is  a  marked  indication  of  acidosis.  Figure  188  also 
shows  the  data  for  two  men  of  about  the  same  size,  one 
of  whom,  De  Mar,  is  a  long  distance  runner  of  very  su- 
perior power,  in  the  best  of  training,  while  the  other, 
C.V.C.,  is  a  physician  who  is  not  in  the  habit  of  taking 
much  exercise. 

In  the  case  of  De  Mar,  it  is  evident  that  there  is  no 
effect  of  exercise  upon  the  level  of  the  curve  beyond  small 
fluctuations  attributable  to  other  causes  than  acidosis, 
such  as  mobilization  of  red  cells  and  other  similar  read- 
justments. The  difference  between  this  case  and  the  other 
is  very  large  indeed  and  speaks  for  itself.  It  is  confirmed 
by  measurements  of  the  lactate  content  of  the  bloods  of 
De  Mar  and  of  C.V.C.  which  were  made  on  the  same  speci- 
mens of  blood.  The  data  are  shown  on  figure  189.  Evi- 
dently De  Mar,  whose  blood  seems  normally  to  contain  a 
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fairly  high  concentration  of  lactate,  may  work  continu- 
ously at  a  metabolic  level  beyond  the  reach  of  C.V.C., 
without  the  slightest  increase  of  lactic  acid  in  the  blood. 
During  a  quarter  century  of  experimental  work,  I  have 
never  seen  a  greater  contrast  than  that  illustrated  by 
figure  189. 

We  may  sum  up  the  effect  of  muscular  work  upon 
blood  bicarbonate  and  lactate  by  the  statement  that  this 
is  for  small  increases  in  work  inappreciable  and  for 
larger  increases  more  and  more  important,  but  that  the 
metabolic  level  at  which  the  effect  sets  in  is  very  variable 
in  different  individuals. 

In  order  to  pursue  the  consideration  of  the  changes  in 
blood  which  accompany  muscular  activity,  it  will  now  be 
necessary  to  study  a  single  case  quantitatively  and  in  de- 
tail. For  this  purpose  we  may  make  use  of  the  nomogram, 
figure  190,128  which  describes  the  blood  of  A.V.B.  when 
the  stationary  state  has  been  reached  during  work  involv- 
ing an  oxygen  consumption  of  1750  cc.  per  minute.  This 
is  about  nine  times  the  resting  metabolic  rate.  The  work 
consisted  in  riding  a  stationary  bicycle.  Blood  was  invari- 
ably drawn  after  a  period  of  not  less  than  fifteen  minutes 
of  uniform  work  and  while  work  was  being  continued. 
This  nomogram  is  to  be  compared  with  figure  157,  Chap- 
ter VII,  which  describes  the  blood  of  the  same  individual 
at  rest  on  the  same  day. 

128  Bock,  Dill,  Hurxthal,  Lawrence,  Coolidge,  Dailey,  and  Henderson, 
Journal  of  Biological  Chemistry,  LXXIII,  749  (1927). 
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Fig.  190 
Blood  of  A.V.B.  at  Work 
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TABLE  32. 
Serum  of  A.V.B.  at  work. 

Arterial      Venous 


H20 

B 

X 

CI 

BP 

BHCO3 

H2C03 

Total  CO, 


cc.  'per  I.  serum 938.4 


100A 


A 

938.4 

936.7 

-1.7 

-0.2 

160.1 

162.1 

+2.0 

+1.2 

23.78 

23.92 

+0.14 

+0.6 

102.7 

100.3 

-2.4 

-2.3 

13.92 

13.70 

-0.22 

-1.6 

19.70 

24.18 

+4.48 

+22.7 

1.16 

1.66 

+0.50 

+43.0 

20.86 

25.84 

+4.98 

+23.9 

TABLE  33. 

Cells 

of  A.V.B.  at  work. 

Arterial 

Venous 

A 

100A 
A 

-0.8 

H20 

cc. 

per  I.  cells 

. .     704.9 

710.5 

+5.6 

B 

mM 

a     it      tt 

. .     132.5 

130.5 

-2.0 

-1.5 

X 

tt 

tt    tt      tt 

. .       20.04 

20.32 

+0.38 

+1.4 

CI 

tt 

tt    it      u 

. .       49.42 

53.22 

+3.80 

+7.7 

BP 

tt 

it     11      it 

. . .       50.83 

41.15 

-9.68 

—19.0 

BHCO3 

it 

u    u      u 

. .       12.22 

15.78 

+3.56 

+29.1 

H2C03 

tt 

ti    u      u 

0.86 

1.25 

+0.39 

+45.5 

Total  C02 

tt 

n    a      a 

. .       13.08 

17.03 

+3.95 

+30.2 

Combined  O, 

u 

it    tt      u 

. . .       21.18 

10.97 

-10.21 

-48.4 
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TABLE  34. 

Arterial  serum  of  A.V.B.  at  rest  and  at  work. 


H20 

B 

X 

CI 

BP 

BHCO3 

H2C03 

Total  CO, 

ph  ....: 


Rest 


cc.  per  I.  serum 943.3 


Work 


100A 


Rest 

943.3 

938.4 

-4.9 

-0.5 

154.0 

160.1 

+6.1 

+4.0 

17.00 

23.78 

+6.78 

+40.0 

99.32 

102.70 

+3.38 

+3.4 

13.13 

13.92 

+0.79 

+6.0 

24.55 

19.70 

-4.85 

-19.8 

1.22 

1.16 

-0.06 

-4.9 

25.77 

20.86 

-4.91 

-19.1 

7.425 

7.351 

-0.074 

TABLE  35. 

Arterial  cells  of  A.V.B.  at  rest  and  at  work. 


H20 

cc. 

per  I.  cells   . . . 

B 

mM 

a    tt     tt 

X 

tt 

11    tt     it 

CI 

a 

a     a      it 

BP 

a 

a     it      it 

BHCO3 

u 

a     u      it 

H2C03 

tt 

a     a      tt 

Total  C02 

tt 

tt     u      it 

Combined  02 
T)H 

a 

tt     tt      a 

Rest 


Work 


100A 


Rest 

705.0 

704.9 

-0.1 

0.0 

133.75 

132.5 

-1.25 

-0.9 

17.73 

20.04 

+2.31 

+13.0 

45.27 

49.42 

+4.15 

+9.2 

56.50 

50.83 

-5.67 

-10.0 

14.25 

12.22 

-2.03 

-14.2 

0.93 

0.86 

-0.07 

-7.5 

15.18 

13.08 

-2.10 

-13.8 

21.43 

21.18 

-0.25 

-1.2 

7.124 

7.062 

-0.062 
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The  composition  of  arterial  and  of  venous  blood,  of 
plasma  and  of  cells,  the  changes  of  the  respiratory  cycle, 
and  a  comparison  with  the  resting  state,  are  given  in 
tables  31  to  36.  Table  31  presents  the  values  of  the  vari- 
ables in  arterial  blood  and  in  mixed  venous  blood,  to- 
gether with  their  differences.  These  differences  measure 
the  physiological  respiratory  cycle.  Tables  32  and  33  in- 
clude the  corresponding  values  of  the  more  important 
variables  for  serum  and  for  cells.  In  tables  34  and  35  the 
arterial  serum  and  arterial  cells  of  the  working  and  rest- 
ing states  are  compared.  In  table  36  the  respiratory 
changes,  i.e.,  differences  between  arterial  and  venous  con- 
ditions for  serum,  cells,  and  whole  blood,  at  work  and  at 
rest,  are  compared. 

On  the  whole  these  tables  call  for  no  comment.  It  is 
necessary,  however,  in  order  to  appreciate  their  signifi- 
cance, to  take  account  of  certain  facts.  First,  as  the  nomo- 
gram and  the  tables  show,  the  differences  between  arte- 
rial and  venous  bloods  at  work  are  much  greater  than  the 
differences  at  rest.  Secondly,  the  respiratory  quotient  has 
risen  from  0.80  at  rest  to  1.00  at  work.  The  first  of  these 
facts  is  chiefly  due  to  the  great  increase  in  the  coefficient 
of  utilization  of  oxygen  and  to  the  even  greater  increase 
in  the  amount  of  carbonic  acid  taken  up  by  the  blood  in 
a  single  passage  through  a  tissue  capillary  and  liberated 
in  the  lung.  To  the  increased  magnitude  of  the  respira- 
tory exchanges  the  10  per  cent  increase  in  hemoglobin 
content  of  the  blood  also  contributes.  The  change  in  re- 
spiratory quotient  is  presumably  dependent  upon  the  uti- 
lization of  carbohydrate  in  the  muscle,  in  accordance  with 
Hill's  views.129 

This  value  of  1.00  for  the  respiratory  quotient  is  within 
the  normal  range,  but  somewhat  above  the  mean  of  our 
experience.  The  facts  are  best  illustrated  by  two  unusu- 
ally successful  experiments  on  D.B.D.  in  which  the  sub- 
ject worked  at  a  uniform  rate  corresponding  to  a  con- 

129  A.  V.  Hill,  Muscular  Activity,  Baltimore,  1926. 
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sumption  of  oxygen  of  about  2000  cc.  per  minute  (1995  cc. 
on  February  21;  1965  cc.  on  March  30)  during  the  period 
following  the  tenth  minute,  for  about  one  hour.  The  data 
are  plotted  on  figure  191.  On  February  21  the  mean  value 


Fig.  191 
Respiratory  Quotient  and  Metabolic  Bate 


of  the  respiratory  quotient  for  the  period  10  to  60  minutes 
was  about  0.94,  on  March  30  for  the  period  10  to  65  min- 
utes about  0.93. 

On  February  21  the  level  of  the  carbon  dioxide  disso- 
ciation curve  was  at  15  minutes  44.8  and  at  60  minutes 
45.7 ;  on  March  30  at  18  minutes  42.9  and  at  75  minutes 
45.6.  It  may  be  deduced  from  these  observations  that  ap- 
proximately a  stationary  state  existed  after  the  first  10 
minutes  and,  in  particular,  that  carbonic  acid  was  not 
then  being  lost  from  the  body  through  the  action  of  acid. 
This  is  confirmed  by  the  fact  that  in  the  first  experiment 
the  blood  contained  550  mg.  lactic  acid  per  liter  at  15  min- 
utes and  430  mg.  at  60  minutes.  In  the  second  experiment 


WORK 


249 


there  must  have  been,  in  fact,  a  slight  retention  of  car- 
bonic acid,  and  we  may  regard  the  mean  respiratory  quo- 
tient of  the  two  experiments  as  0.94.  The  respiratory  quo- 
tient of  this  subject  at  rest  is  not  more  than  0.80  and  the 
facts  indicate  a  value  of  0.96  for  the  respiratory  quotient 
of  the  active  muscle. 

We  have  also  at  our  disposal  data  bearing  upon  this 
question  from  a  large  number  of  experiments  on  four  dif- 
ferent subjects.  In  these  experiments  the  metabolic  rate, 
which  varied  considerably  from  case  to  case,  corre- 
sponded on  the  average  to  an  oxygen  consumption  of  about 
1900  cc.  per  minute.  In  the  following  table  the  values  of 
the  respiratory  quotient  in  all  these  cases  at  regular  10- 
minute  intervals  from  the  beginning  of  work  are  given. 


TABLE 

37. 

10 

20 

30 

40 

50 

60 

minutes 

minutes 

minutes 

minutes 

minutes 

minutes 

1.04 

1.03 

.94 

.88 

.94 

.94 

.94 

1.00 

.94 

.94 

1.06 

.93 

.93 

.86 

.95 

.96 

.90 

.87 

.89 

.94 

.97 

.98 

1.03 

.91 

.97 

.90 

.90 

.89 

.91 

.86 

1.00 

1.02 

.91 

.99 

.88 

.99 

.86 

.94 

.92 

Mean        .949 


.94 


.914 


.938 


1.00 


.94 


Mean  of  all  observations,  .94 

Respiratory  quotient  of  muscular  activity,  .96 


In  many  of  these  experiments  the  respiratory  quotient 
of  the  resting  state  was  measured  and  found  invariably 
much  lower  than  in  work,  with  an  average  of  0.80.  It  is 
possible,  therefore,  to  estimate  for  all  these  cases  the  re- 
spiratory quotient  of  muscular  activity  as  about  0.96. 
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It  will  be  seen  that  the  values  of  the  respiratory  quo- 
tients, although  invariably  far  above  those  of  the  resting 
state,  are  variable.  The  data  just  cited  included  those  of 
one  experiment  on  De  Mar  in  which  during  the  period 
from  10  minutes  to  the  end  of  the  experiment  at  24  min- 
utes the  respiratory  quotient  remained  constantly  a  little 
below  0.90.  There  are  also  two  values,  which  balance 
these,  in  which  the  respiratory  quotient  was  high,  prob- 
ably on  account  of  fatigue  at  the  end  of  the  experiment 
(1.03  at  40  minutes  and  1.06  at  50  minutes). 

In  some  of  these  experiments  the  subject  had  recently 
eaten,  in  others  he  had  fasted  for  15  hours.  Differences  in 
this  respect  seem  to  be  without  effect  upon  the  respira- 
tory quotient  of  the  working  condition  and  in  these  cases 
are  certainly  without  large  effect. 

From  all  these  experiments  the  conclusion  is  unescap- 
able  that,  during  the  stationary  state  of  work,  the  re- 
spiratory quotient  is  greatly  increased.  We  have,  how- 
ever, noted  a  tendency  in  very  prolonged  work  without 
excessive  fatigue  to  a  slight  fall  in  the  value  of  the  re- 
spiratory quotient.  Altogether  it  may  be  seen  that  the  ob- 
servations are  far  from  uniform.  This  is  to  be  expected, 
since  many  physiological  variables  are  involved.  But 
there  can  be  no  doubt  that  all  our  observations  are  con- 
sistent with  the  hypothesis  that  muscular  work  of  moder- 
ate duration  is  characterized  by  an  intrinsic  respiratory 
quotient  of  1.00. 

The  changes  in  blood,  which  accompany  muscular  ac- 
tivity, result  in  slight  modifications  of  the  mechanism  of 
the  transport  of  carbon  dioxide.  These  depend  upon  the 
lowering  of  the  level  of  the  carbon  dioxide  dissociation 
curve  and  upon  the  increased  acidity  of  the  blood,  slight 
in  the  arterial  blood,  much  greater  in  the  venous  blood, 
and  considerable  for  the  average  composition  throughout 
the  cycle.  These  changes  also  produce  a  certain  modifica- 
tion of  the  transport  of  oxygen. 

It  will  be  profitable  to  consider  the  transport  of  car- 
bonic acid  quantitatively  and  in  detail.  First,  since  dur- 
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ing  work  the  level  of  the  carbon  dioxide  curve  is  consid- 
erably lowered  without  much  change  in  slope,  it  follows 
that,  other  things  being  equal,  a  given  change  in  total 
carbonic  acid  is  accompanied  by  an  increased  variation  in 
hydrogen  ion  concentration.  But  the  magnitude  of  such 
effects  is  small  and,  together  with  others  of  the  same  or- 
der, such  as  those  due  to  the  differences  in  heterogeneous 
equilibrium,  negligible.  The  relatively  important  differ- 
ences between  rest  and  work  can  all  be  interpreted  in 
terms  of  the  oxygen  effect  and  of  the  true  buffer  action  of 
the  proteins. 

To  this  end  we  may  consider  table  38  which  includes  in 
column  one  data  from  table  15,  Chapter  VII;  in  column 
two  data  from  table  19,  Chapter  VII ;  and  in  column  three 
data  from  table  31  of  the  present  chapter.  In  Chapter  VII 
it  was  deduced  from  the  data  shown  on  table  38,  column 
one,  and  the  large  nomogram,  that  for  the  conditions  in 

TABLE  38. 

Respiratory  variation  in  blood  of  A.V.B. 

Earlier  estimate 

(light  work)  Rest  Work 

AHb02    -2.70  -2.01  -4.42 

ApHs     -0.029  -0.026  -0.073 

ApHc    -0.009  -0.008  -0.035 

ABPS -0.11  -0.08  -0.22 

ABPC --1.97  -1.45  -3.98 

ABPB    -2.08  -1.53  -4.20 

A(BHC03)B    +2.08  +1.53  +4.02 

ABX   +0.18 

Total  (Hb)    8.80  8.93  9.82 

question  the  oxygen  effect  accounted  for  1.71  millimoles, 
true  buffer  action  of  hemoglobin  for  0.26  millimole,  and 
buffer  action  of  the  serum  proteins  for  0.11  millimole  of 
the  total  change,  2.08  millimoles  in  (BP)B.  It  will  be 
remembered  that  this  is  equal  to  the  total  change  in 
(BHC03)b. 
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These  values  are  reproduced  in  column  one  of  table  39 
and  from  them,  with  the  help  of  the  theory  discussed  in 
Chapter  IV,  are  calculated  the  values  of  the  second  and 
third  columns  of  this  table.  The  total  changes  in  BPB  thus 

TABLE  39. 

Earlier  estimate  Rest  Work 

ABPC  oxygen  effect —1.71         .        f  -1.27  -2.80 

ABPC  buffer  effect -0.26       £  3  I  -0.23  -1.11 

ABPS  buffer  effect —0.11        3  £  [  -0.08  —0.22 

Calculated  ABPB    —1.58  —4.13 

Observed  ABPB —1.53  —4.20 

Observed  A(BHC03)B    +1.53  +4.02 


calculated  correspond  closely  with  the  observed  values  of 
a(BP)b  and  a(BHC03)b  of  the  second  and  third  columns 
of  table  39.  In  table  40  the  relative  importance  of  the 
oxygen  effect,  of  total  buffer  action  and  of  buffer  action 
of  cell  and  serum  proteins  separately  are  indicated. 

TABLE  40. 
Relative  importance  of  the  factors. 

Earlier 

estimate  Rest  Work 

Oxygen  effect    82  80                      68 

Total  buffer  action 18  20                     32 

Hemoglobin  buffer  action 13  15                      27 

Serum  protein  buffer  action 5  5                        5 

In  table  40  the  values  of  the  first  and  second  columns 
are  approximately  equal,  but  the  third  column  shows 
that  during  work  the  relative  importance  of  true  buffer 
action  and  oxygen  effect  is  much  changed.  This  depends 
upon  the  change  in  the  respiratory  quotient,  for  the  oxy- 
gen effect  is  proportional  to  the  change  in  combined  oxy- 
gen, while  the  true  buffer  action  varies  directly  with 
change  in  total  carbon  dioxide  and  inversely  with  change 
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in  combined  oxygen.  Accordingly,  there  mnst  be  condi- 
tions where  change  in  carbonic  acid  and  change  in  oxy- 
gen content  just  balance,  so  that  the  value  of  pHc  re- 
mains unchanged  and  all  true  buffer  action  of  hemoglobin 
is  suppressed.  Though  slightly  variable,  these  conditions 
are,  as  we  have  seen,  characterized  by  a  respiratory  quo- 
tient of  approximately  0.7  and  in  fact  the  pHc  scale  of  the 
nomogram  falls  very  close  to  the  line  of  R.Q.  =  0.70.  In 
other  words,  one  millimole  increase  in  the  total  oxygen  of 
the  blood  has  in  respect  of  the  values  of  BPC  and  pHc  ap- 
proximately the  same  effect  as  0.7  millimole  increase  in 
total  carbonic  acid.  Changes  in  the  conditions  within  the 
cell  are  of  course  transmitted  to  the  plasma  and  affect 
the  values  of  pHs ,  with  the  result  that  differences  in  hy- 
drogen ion  concentration  between  arterial  and  venous 
bloods  as  a  whole  become  greater  as  the  respiratory  quo- 
tient increases  from  the  value  of  approximately  0.7.  The 
process  also  continues  as  the  value  of  the  respiratory  quo- 
tient falls  below  the  value  0.7.  Under  these  circumstances 
the  value  of  ApHc  for  the  respiratory  cycle,  after  passing 
through  0,  changes  its  sign,  and  for  values  of  the  respira- 
tory quotient  below  0.7  it  becomes  negative. 

On  figure  192  there  are  given  the  relations  of  the  re- 
spiratory quotient  to  the  difference  in  values  of  pHc  and 
of  pHs  for  arterial  and  venous  bloods  when  there  is  a 
constant  coefficient  of  utilization  of  oxygen,  for  blood  of 
average  composition.  It  must  be  understood  that  this  fig- 
ure represents  a  rough  approximation. 

As  the  relative  importance  of  the  oxygen  effect  upon 
the  transport  of  carbonic  acid  diminishes,  the  relative  im- 
portance of  the  effect  of  carbonic  acid  upon  the  transport 
of  oxygen  does  not  decrease,  but  in  general  increases. 
This  depends  upon  the  fact  already  noted  that  the  impor- 
tant variable  in  these  variations  is  the  value  of  pHc.  In 
the  resting  state  this  effect  is  almost  negligible  and  is 
equivalent  to  one-tenth  of  the  oxygen  transported.  With 
increase  in  respiratory  quotient  and  in  coefficient  of  uti- 
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Fig.  192 
Respiratory  Quotient  and  Variation  of  Hydrogen  Ion  Concentration 

lization  the  value  becomes  greater.  We  may  read  from  the 
nomogram  the  following  pairs  of  values : 


TABLE  41. 


P02 
31 
31 


Hb02 
12.80 
11.08 


Total  CO, 
39.05 
49.06 


The  first  row  of  numbers  gives  the  values  of  three  vari- 
ables in  blood  winch  has  the  oxygen  pressure  of  venous 
blood  but  the  total  carbonic  acid  content  of  arterial  blood. 
The  second  row  gives  the  values  for  venous  blood.  It  will 
be  seen  that  there  is  a  difference  of  1.7  volumes  per  cent 
between  the  oxygen  contents  of  the  blood  in  these  two 
states.  This  may  be  regarded  as  the  measure  of  the  car- 
bonic acid  effect  upon  oxygen  transport  for  the  condition 
of  work  described  by  the  nomogram.  Since  the  oxygen 
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utilization  (arterial  total  oxygen  minus  venous  total  oxy- 
gen) is  10  volumes  per  cent,  it  is  evident  that  the  carbonic 
acid  effect  is  here  responsible  for  about  one-sixth  of  the 
oxygen  carried  by  the  blood.  Utilization  is,  under  these 
circumstances,  double  that  of  the  resting  state.  Hence  the 
absolute  measure  of  the  effect  of  carbonic  acid  upon  the 
oxygen  transport  is  three  times  as  great  as  in  the  resting 
state. 

We  have  seen  that  for  these  conditions  the  oxygen  ef- 
fect amounts  to  2.8  mm.  or  6.3  volumes  per  cent.  This  is, 
accordingly,  nearly  four  times  as  great  as  the  carbonic 
acid  effect. 

Since,  in  calculating  the  carbonic  acid  effect,  an  arbi- 
trary definition  is  involved,  it  may  be  more  convenient 
for  certain  purposes  to  measure  this  effect  by  means  of 
the  difference  in  oxygen  content  between  venous  blood, 
on  the  one  hand,  and  blood  having  the  oxygen  pressure  of 
venous  blood  and  the  carbon  dioxide  pressure  of  arterial 
blood,  on  the  other  hand.  In  this  case  the  estimate  will 
yield  somewhat  different  values  for  the  effect. 

In  considering  the  oxygen  effect,  we  are  able  to  calcu- 
late the  changes  in  ionization  of  certain  acid  radicals  of 
the  protein  molecule,  to  contrast  these  with  the  changes 
in  the  hemoglobin  molecule,  and  so  to  reach  a  definite  con- 
clusion. But  we  have  no  such  means  of  defining  the  car- 
bonic acid  effect.  Therefore,  it  is  necessary  in  this  case  to 
adopt  an  arbitrary  definition  and,  if  a  complete  descrip- 
tion is  desired,  to  make  use  of  a  complete  nomogram. 
The  facts  may  be  summed  up  as  follows :  The  oxygen  ef- 
fect is  always  large  and  this  finds  its  expression  in  the 
wide  divergence  in  the  variations  in  carbonic  acid  of  the 
physiological  respiratory  cycle  from  the  ordinary  carbon 
dioxide  dissociation  curves.  The  carbonic  acid  effect  is 
small  and  the  curve  of  the  physiological  respiratory  cycle 
for  oxygen  closely  parallels  the  ordinary  oxygen  dissocia- 
tion curve.  Both  effects  vary  with  the  coefficient  of  utiliza- 
tion of  oxygen  and  with  variation  in  the  respiratory  quo- 
tient. When  this  is  high,  as  in  work,  the  transport  of  oxy- 
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gen  may  be  sensibly  facilitated,  while,  at  the  same  time, 
true  buffer  action  becomes  relatively  more  important  in 
the  transport  of  carbonic  acid.  Finally,  when  we  speak  of 
the  carbonic  acid  effect  we  are  obliged  to  adopt  an  arbi- 
trary definition  in  order  to  have  any  measure  at  all,  but 
when  we  refer  to  the  oxygen  effect,  we  use  an  unambigu- 
ous term  and  have  in  mind  a  quantity  which  may  be  easily 
measured.  This  statement  is  not  quite  precise,  since  the 
buffer  action  of  oxyhemoglobin  is  slightly  greater  than 
that  of  reduced  hemoglobin.  Therefore,  if,  starting  with 
arterial  blood,  we  wish  to  calculate  the  precise  buffer 
action  of  hemoglobin  during  the  process  by  which  the 
blood  becomes  venous,  we  must  make  an  intricate  calcu- 
lation of  the  rate  of  change  of  oxygenation  as  a  function 
of  the  rate  of  change  of  pHc ,  before  we  can  begin  to  make 
this  estimate.  Practically,  however,  this  is  of  no  impor- 
tance, for  the  mean  buffer  value  of  the  mixture  of  oxy- 
hemoglobin and  reduced  hemoglobin  of  arterial  and  ve- 
nous blood  may  be  used  without  sensible  error. 

The  difficulty  which  here  confronts  us  is  only  an  ap- 
parent one,  for  the  facts  are  given  by  the  nomogram  and 
the  theoretical  discussions  of  the  preceding  chapters  are 
sufficient  for  their  interpretation. 

The  use  of  measurements  of  the  level  of  the  carbon  di- 
oxide dissociation  curves  as  an  index  of  the  acid-base 
composition  of  the  blood  is  a  possible  source  of  misunder- 
standing and,  for  many  purposes,  a  better  measure  is 
given  by  the  sum  of  (BP)B  +  (BHC03)b,  which  repre- 
sents the  available  base  of  the  blood.  A  still  better  meas- 
ure is  afforded  by  the  quantity  (BP)b  +  (BHOO.)b  .  It 

(ti20)B 

will,  therefore,  be  useful  to  take  account  of  the  nomogram 
as  a  means  of  defining  the  values  of  these  quantities  in 
the  case  of  the  blood  of  A.V.B.  at  work  and  thus  to  sup- 
plement what  has  been  said  above.  The  relevant  facts  are 
as  follows : 
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TABLE  42. 

Arterial  blood  of  A.V.B. 

(H20)B  (BP)B  (BHC03)B  (BP)B+(BHC03)] 

cc.  per  1.  m,M  per  1.  blood  mm  per  1.  blood        mu  per  1.  blood 

Work 835.5  30.18  16.40  46.58 

Rest  848.0  30.48  20.43  50.91 

(BP)B  (BHC03)B  (BP)B+(BHC03): 

mM  per  1.  H20  mM  per  1.  H20         wm  per  1.  H20 

Work     36.1  19.6                           55.7 

Rest 35.9  24.1                          60.0 

For  work  the  level  of  the  carbon  dioxide  dissociation 
curve  is  17.86  millimoles,  for  rest  20.32  millimoles,  and  the 
difference  of  these  two  values  is  2.5  millimoles.  But  the 
difference  of  the  two  values  of  the  quantity  (BP)B  + 
(BHC03)b  is  4.3  millimoles  and  of  the  two  values  of  the 

...      (BP)b  +  (BHC03)b  .,   .      ,      .  ■       .  AO 

quantity '   /TT'    x —  it  is  also  in  this  case  4.3 

^  J  (H20)B 

millimoles.  Measurements  of  the  lactic  acid  content  were, 
unfortunately,  not  made  in  this  blood.  But  all  our  experi- 
ence indicates  that  the  value  of  this  quantity  at  this  level 
of  muscular  activity  is  much  more  nearly  4.3  millimoles 
than  2.5  millimoles.  The  disparity  between  the  results  of 
the  two  methods  of  estimating  the  change  in  the  composi- 
tion of  blood  depends  upon  the  fact  that  for  a  pressure 
of  40  mm.  of  carbon  dioxide  there  are  considerable  varia- 
tions in  the  values  of  pHc  in  different  specimens  of  blood. 
For  example,  we  have  in  the  working  and  resting  bloods 
of  A.V.B. ,  when  fully  oxygenated  at  a  pressure  of  40 
millimeters  of  carbon  dioxide,  the  pHc  values  7.040  and 
7.113  respectively.  Therefore,  in  the  working  blood  rela- 
tively less  base  is  combined  with  proteins  and  relatively 
more  with  carbonic  acid.  On  the  other  hand,  the  sum 
(BP)b  +  (BHC03)B  is  approximately  constant. 

The  sum  (B)B  +  (C1)B  +  (X)B  +  (BHC03)b  is  a  rough 
measure  of  the  total  concentration  of  the  blood,  and  the 
sum  of  the  concentrations  of  these  substances  per  liter  of 
water  is  a  more  accurate  measure  of  this  quantity.  For 
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the  blood  of  A.V.B.  in  work  and  in  rest  we  have  the  fol- 
lowing values : 


TABLE  43. 

Arterial  blood  of  A.V.B. 

mM  per  liter  blood. 

(B)B 

(C1)B               (X)b 

(BHC03)B 

2 

Work    .... 

. . .     148.0 

79.3                22.1 

16.4 

265.8 

Rest    

. . .     145.9 

77.7                17.3 
mM  per  liter  water. 

20.4 

261.3 

Work    

. . .     177.1 

94.8                26.5 

19.6 

318.0 

Rest    

. . .     172.1 

91.6                20.4 

24.1 

308.2 

It  is  obvious  that  the  two  sums,  318.0  millimoles  and 
308.0  millimoles  per  liter  water  must  fall  appreciably 
short  of  the  total  concentration  of  dissolved  material  in 
the  two  samples  of  blood.  But,  as  a  measure  of  the  change 
of  concentration  of  the  blood  of  A.V.B.,  their  difference 
can  hardly  be  very  inexact,  except  through  experimental 
error.  Accordingly,  it  appears  that  exercise  has  resulted 
in  an  increase  of  about  three  per  cent  in  the  concentration 
of  the  blood  solution.  A  similar  calculation  based  upon  the 
estimates  of  the  composition  of  the  serum  gives  a  value 
of  about  four  per  cent  for  the  increase  of  concentration. 
In  view  of  uncertainties  regarding  the  values  of  rci  and 
the  large  effect  of  this  value  upon  the  present  estimate, 
and  in  view  also  of  the  large  number  of  factors  involved 
in  the  estimates,  the  agreement  is  satisfactory. 

Such  an  increase  in  concentration  is  to  be  expected,  for, 
during  active  metabolism,  the  muscle  solution  must  attain 
to  a  very  high  concentration,  the  effects  of  which  cannot 
fail  to  be  transmitted  to  other  parts  of  the  body.  No  doubt 
lactic  acid  has  a  large  share  in  this  effect,  but  all  compo- 
nents of  the  system  must  be  at  least  indirectly  involved, 
with  results,  so  far  as  blood  is  concerned,  which  are  at 
present  theoretically  incalculable.  Added  to  these  effects 
there  may  be  concentration  of  the  body  fluids  resulting 
from  the  evaporation  of  water. 
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We  have  before  us  estimates  of  these  changes  based 
upon  measurement.  It  will  be  seen  that  the  concentration 
of  blood  chloride  has  increased  three  millimoles  per  liter, 
that  of  salts  of  other  acids,  including  lactic  acid,  six  milli- 
moles per  liter,  or  a  total  of  nine  millimoles  per  liter  for 
all  acid.  Meanwhile,  total  base  has  increased  nine  milli- 
moles per  liter  and,  as  we  have  seen,  (BP)B  +  (BHC03)b 
has  decreased  four  millimoles  per  liter,  in  accordance 
with  the  relation  a(C1)b  +  a(X)b  =  a(B)b  -  a(BP)b  - 
a(BHC03)b. 

These  remarkable  changes,  especially  in  the  concentra- 
tion of  chloride,  which  takes  no  direct  part  in  the  chemical 
reactions  of  metabolism  and  which  is  perhaps  involved 
only  through  processes  like  those  which  determine  its 
distribution  between  cells  and  plasma  in  blood,  suggest 
how  far-reaching  are  the  physico-chemical  changes  ac- 
companying muscular  activity.  But  it  is  easy  to  see,  even 
from  a  consideration  of  the  breadth  of  the  respiratory 
cycle  of  the  blood  alone,  that  the  interactions  between  all 
the  fluids  of  the  body  must  be  greatly  increased  in  this 
condition. 

During  work  the  passage  of  carbonic  acid  and  oxygen 
across  the  capillary  walls  is  greatly  modified.  For  car- 
bonic acid  the  pressure  gradient  is  much  increased,  and, 
if  we  assume  a  close  approach  to  equilibrium,  for  this 
substance,  between  the  cells  of  the  tissues  and  venous 
blood,  as  is  the  case  for  alveolar  air  and  arterial  blood, 
we  must  still,  when  estimating  the  partial  pressure  of 
carbon  dioxide  in  the  active  muscle,  make  allowance  for 
all  the  inactive  portions  of  the  body  through  which  blood 
is  also  flowing,  even  though  more  slowly.  The  values  of 
pC02  for  work  and  rest  are  as  follows : 

TABLE  44. 
Blood  of  A.V.B. 


-PCO, 


A  V 

Work   38  54.8 

Rest    40  45.4 
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In  view  of  all  the  facts,  it  is  hard  to  believe  that  the 
carbon  dioxide  partial  pressure  in  the  active  muscles  dur- 
ing work  is  much  less  than  60  mm.  or  that,  during  rest, 
any  large  part  of  the  body  except  possibly  the  heart,  has 
a  partial  pressure  above  50  mm.  The  time  has  not  yet 
come  to  pursue  the  questions  concerning  muscular  ac- 
tivity which  are  thus  raised. 

Under  the  influence  of  a  threefold  or  larger  increase  in 
pressure  gradient,  with  the  aid  of  a  greatly  increased 
blood  flow,  there  is  transported  during  work  of  this  in- 
tensity a  quantity  of  carbonic  acid  nearly  nine  times  that 
transported  during  rest.  But  the  maximum  transport  at- 
tainable by  a  man  of  the  size  of  A.V.B.  and  in  the  best 
condition  is  at  least  double  this  amount.  Indeed  the  normal 
human  being  experiences  little  difficulty  beyond  labored 
breathing  in  excreting  almost  any  quantity  of  carbonic 
acid  which  it  is  possible  for  him  to  produce.  This  is  due, 
as  already  explained,  to  the  relatively  high  solubility  of 
gaseous  carbon  dioxide.  For  this  reason  a  given  head  of 
carbon  dioxide  pressure  leads  to  diffusion  twenty  or  even 
thirty-fold  greater  than  does  the  same  head  of  oxygen 
pressure.  Hence  when  movement  of  oxygen  is  barely  suffi- 
cient, movement  of  carbon  dioxide  takes  place  with  a 
large  margin  of  safety,  and  substantial  reduction  of  the 
pressure  gradient,  though  it  would  tend  to  increase  the 
carbonic  acid  content  and  the  hydrogen  ion  concentration 
of  the  blood,  would  in  other  respects  little  modify  the 
total  carbonic  acid  excretion. 

The  movement  of  oxygen  is  attended  by  far  greater 
difficulties  and,  as  the  work  of  Hill  has  shown,  it  may  be- 
come very  insufficient,  thus  leading  to  the  condition  of 
oxygen  debt  which  he  has  described.  Even  in  the  state  of 
less  intense  metabolism  with  which  we  are  now  concerned 
there  are  changes  which  show  that  the  resources  for  the 
transport  of  oxygen  are  not  unlimited.  In  the  lung  these 
changes  are  less  conspicuous,  in  the  tissues  more  so.  In 
order  to  fix  our  ideas  we  may  take  the  following  readings 
from  the  nomograms : 
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TABLE  45. 
Blood  of  A.V.B. 


• p02 . 

A  V 

Work    75  31 

Rest    78  40 

The  conspicuous  fact  is  the  decrease  of  one-fourth  of 
partial  pressure  of  oxygen  in  mixed  venous  blood,  accom- 
panying the  change  from  rest  to  work.  The  decrease  in 
partial  pressure  of  oxygen  in  venous  blood  in  the  active 
muscle  is,  however,  probably  much  less  than  this  and  may 
be  negligible,  but  the  information  necessary  to  settle  this 
question  is  lacking.  In  default  of  measurements  of  the 
composition  of  venous  blood  from  different  organs,  the 
following  hypothetical  considerations  will  perhaps  serve 
a  useful  purpose.  Let  the  utilization  of  oxygen  in  the 
active  and  also  in  the  inactive  portions  of  the  body  be 
constant,  say  4  volumes  per  cent  for  inactive  portions  of 
the  body  and  12  volumes  per  cent  for  active  portions  of 
the  body.  Then,  if  during  rest  about  one-tenth  of  the 
blood  flows  through  active  portions  and  during  work  this 
proportion  is  increased  to  about  three-fourths,  the  results 
would  be  approximately  those  described  by  the  nomo- 
gram. Utilization  of  12  volumes  per  cent  of  oxygen  would 
involve  a  venous  oxygen  pressure  of  about  25  mm.  This 
computation  is  presented  merely  for  purposes  of  illustra- 
tion and  I  wish  explicitly  to  disclaim  any  implication  that 
it  may  be  used  except  as  a  means  of  describing  the  trend 
of  the  changes.  In  Chapter  XII  there  may  be  found,  how- 
ever, a  further  analysis  of  this  question,  based  upon  the 
most  recent  work  of  Bock  and  Dill. 

On  general  grounds,  it  may,  however,  be  assumed  that 
before  fatigue  sets  in  conditions  within  the  active  muscle 
are  fairly  constant  and,  in  particular,  that  constant  oxy- 
gen pressure  should  make  for  efficiency,  in  accordance 
with  the  theory  of  the  milieu  interieur.  Our  observations 
on  the  value  of  the  coefficient  of  utilization  of  oxygen  as 
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a  function  of  metabolic  rate  are  also  consistent  with  the 
hypothesis  of  a  roughly  constant  oxygen  pressure  in  the 
venous  blood  of  the  active  muscle.  These  observations, 
which  are  very  similar  for  all  individuals  who  have  been 
studied,  are  presented  on  figure  193  for  the  case  of  A.V.B. 
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Fig.  193 
Venous  Oxygen  Saturation  and  Metabolic  Rate 


Evidently,  as  the  metabolic  rate  increases,  the  total  coeffi- 
cient of  utilization  of  oxygen  approaches  asymptotically 
a  limiting  value  of  about  50  per  cent  and  this  limiting 
value  may  be  regarded  as  slightly  less  than  that  of  the 
venous  blood  of  the  active  muscle  in  extreme  hard  work. 
Needless  to  say,  such  a  consideration  does  not  prove  that 
conditions  in  the  muscle  are  even  approximately  change- 
less, but  it  is  consistent  with  such  a  view. 

In  any  case,  the  partial  pressure  of  oxygen  in  venous 
blood  from  the  active  muscle  is  probably  lower  than  that 
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of  the  mixed  venous  blood  and  may  be  assumed  to  have 
the  value  of  about  25  mm.  This  would  involve  a  value  of 
pC02  of  about  60  mm.  Since  in  making  this  calculation 
certain  important  factors  have  been  neglected,  the  head  of 
oxygen  pressure  at  the  venous  end  of  a  muscle  capillary- 
is  probably  less  than  25  mm.  and  it  is  evident  that  a  small 
decrease  in  venous  oxygen  pressure  must  be  accompanied 
by  a  large  decrease  in  the  relative  magnitude  of  the  head 
of  pressure.  In  view  of  these  considerations,  and  regard- 
less of  the  validity  of  the  hypothesis  that  the  oxygen  pres- 
sure of  blood  in  the  active  muscle  has  remained  relatively 
constant,  it  seems  to  be  certain  that  a  considerable  fall  in 
the  oxygen  pressure  of  mixed  venous  blood  below  that  of 
the  present  case  would  be  incompatible  with  physiological 
efficiency,  if  not  impossible. 

We  may  compute  the  mean  head  of  oxygen  pressure, 
Ap',  for  the  lungs  and  the  tissues  as  a  whole  in  the  manner 
described  in  Chapter  VIII.  The  result  of  this  computation 
is  given  in  table  46  for  the  lungs,  assuming  the  value  of 
110  mm.  for  p02  in  alveolar  air,  and,  for  the  tissues,  as- 
suming two  values  0  and  20  mm.  for  the  pressure  of  oxy- 
gen in  the  interior  of  the  cells. 


TABLE  46. 

Value 

TO. 

of  Ap\ 

rr,TC,r,TTT7 

Ikjc 

r 

Po2 

=  0 
51 
45 

llbbUlii 

mm.         p02 

=  20 
30 
23 

mm. 

Rest    53 

Work    56 


The  values  contained  in  this  table  are  subject  to  the  criti- 
cisms which  were  discussed  in  treating  the  problem  of 
diffusion.  If  it  be  true  that  the  conditions  in  the  active 
muscle  remain  roughly  constant,  the  difference  between 
rest  and  work  shown  in  the  second  and  third  columns  of 
the  table  are  due  to  differences  in  the  distribution  of  the 
blood  in  rest  and  work  and  to  a  lower  value  of  Ap'  as  thus 
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calculated  for  the  active  muscle  than  for  the  inactive 
parts  of  the  body  in  general. 

In  the  present  chapter  we  have  discussed  in  detail  but 
a  single  case  of  work.  In  addition,  however,  the  facts  con- 
cerning the  variation  in  oxygen  capacity,  in  the  level  of 
the  carbon  dioxide  dissociation  curve,  and  in  the  respira- 
tory quotient  as  functions  of  metabolic  rate  for  the  range 
of  oxygen  consumption  between  250  cc.  and  2500  cc.  per 
minute  have  been  studied.  With  the  help  of  this  informa- 
tion, interpolation,  and  slight  extrapolation  will  readily 
yield  sufficient  information  concerning  all  the  properties 
of  blood  and  of  its  respiratory  cycle  for  nearly  the  whole 
of  this  range  in  the  case  of  A.V.B.  Other  individuals  dif- 
fer sensibly  from  A.V.B.  according  to  their  condition, 
their  size,  and  other  factors,  but  we  possess  experimental 
evidence  in  abundance  to  show  that  the  present  instance 
is  fairly  typical  of  a  healthy  man  who  is  leading  the  ordi- 
nary life  of  the  city  and  is  not  in  training. 


CHAPTER  X 
DISEASE 

WE  have  now  to  describe  the  blood  of  pathological 
states.  Unlike  the  relatively  slight,  more  or  less 
uniform,  and  transitory,  changes  in  blood  which 
follow  increase  of  the  metabolic  rate  the  changes  which 
occur  in  disease  are  often  large  and  persistent  and  also 
various.  Some  of  these  have  been  recognized  and  studied 
for  a  long  time. 

The  most  conspicuous  among  pathological  variations  in 
the  composition  of  blood  is  a^nemia,  a  condition  known  to 
physicians,  or  at  least  apparent,  in  all  ages,  which  received 
a  partial  rational  interpretation  as  soon  as  the  function 
of  hemoglobin  in  the  transport  of  oxygen  was  discovered. 
The  term  anemia  is  applied  to  any  case  in  which  the  con- 
centration of  hemoglobin  in  the  blood  is  considerably  di- 
minished below  what  is  regarded  as  its  normal  value.  This 
may  depend  upon  a  mere  reduction  in  the  number  of  red 
cells,  both  cells  and  plasma  remaining  approximately  nor- 
mal, or  the  concentration  of  hemoglobin  in  the  cells  may 
be  reduced,  and  there  may  also  be  other  changes  in  the 
cells.  Anemia  may  occur  alone  or  accompanied  by  modifi- 
cations of  the  other  properties  of  the  blood.  In  the  less  fa- 
miliar disease  known  as  polycythemia  the  number  of  red 
cells  and  the  concentration  of  hemoglobin  in  the  blood  are 
increased. 

The  condition  known  as  acidosis  is  today  hardly  less 
familiar  than  anemia.  In  acidosis  the  capacity  of  the 
blood  to  absorb  carbonic  acid  is  sensibly  diminished.  The 
changes  of  the  blood  in  this  condition  were  first  quanti- 
tatively described  by  pupils  of  Schmiedeberg131  and  then 

131  jp.  TValter,  Archiv  fur  experiment elle  Pathologie  und  Pharmak- 
ologie,  I,  148  (1877) ;  H.  Meyer,  Ibid.,  XVII,  304  (1883) ;  0.  Minkow- 
ski, Ibid.,  XIX,  209  (1885). 
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interpreted  from  the  physico-chemical  standpoint  by 
means  of  the  theory  of  acid-base  equilibrium.132  After  the 
discussion  of  this  topic  in  the  third  chapter  of  the  pres- 
ent book,  the  question  would  call  for  little  comment  were 
it  not  that  the  term  acidosis  was  originally  applied  to  the 
condition  produced  by  the  action  of  ^-hydroxybutyric 
acid  and  acetoacetic  acid  upon  the  blood  in  diabetes,  and 
that  it  is  still  believed  by  many  that  in  this  condition  the 
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Fig.  194 
Classification  of  Variations  of  Blood  Carbonic  Acid 


hydrogen  ion  concentration  of  the  blood  is  necessarily  in- 
creased. Eeference  to  Chapter  III  will  show  that  this  is 
not  always  the  case  even  when,  through  the  action  of  acid, 
the  sum  (BP)B  +  (BHC03)b  is  reduced.  As  we  have  seen, 
it  is  this  sum  which  best  measures  the  carbonic  acid  ca- 
pacity of  the  blood  when  the  value  of  (P)b  is  either  nor- 
mal, or  constant  for  the  conditions  which  are  being  com- 
pared. 

132  L.   J.   Henderson,   Ergebnisse  der  Physiologie,  Jahrgang   VIII, 
p.  318  (1909). 
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In  order  to  avoid  a  long  discussion  we  may  take  advan- 
tage of  a  chart  of  Van  Slyke  's  in  which  the  various  possi- 
ble conditions  of  the  circulating  blood  in  respect  to  these 
changes  are  graphically  denned.  On  this  figure  the  condi- 
tion sometimes  called  alkalosis,  where  the  carbonic  acid 
capacity  of  blood  is  increased,  is  also  described. 

Anemia  and  acidosis  are,  from  the  clinical  standpoint, 
the  most  interesting  modifications  of  the  physico-chemi- 
cal system  of  blood,  in  that  they  involve  large  variations 
in  the  two  great  functions  of  oxygen  and  carbonic  acid 
transport.  But  under  pathological  conditions  every  com- 
ponent of  the  system  is  liable  to  variation.  In  nephritis 
thejDsmotic  pressure  is  often  increased,  the  concentration 
of  serum  protein  often  diminished.  Variations  in  chloride 
and  in  base  frequently  occur,  and  variations  in  partial 
pressure  of  oxygen  and  carbon  dioxide  are  very  common. 
None  of  these  changes  can  take  place  without  leading  to 
other  modifications  of  the  system  and  without  changes  in 
its  respiratory  activity.  In  view  of  all  these  complica- 
tions, we  must  once  more  turn  to  the  nomographic  method 
of  description. 

The  work  of  my  collaborators  at  the  Massachusetts 
General  Hospital  has  included  a  comparative  study  of  the 
blood  in  a  number  of  different  diseases.  Among  these  one 
has  already  been  employed  in  explaining  the  method  of 
constructing  a  complete  nomogram.  This  is  a  case  of  per- 
nicious anemia  for  which  we  possess  a  description  of  the 
blood  on  three  occasions :  (1)  At  the  time  of  admission  to 
the  hospital  when  the  blood  was  in  a  very  abnormal  con- 
dition, the  hemoglobin  concentration  being  only  about 
one-third  normal ;  (2)  a  month  later  when  the  hemoglobin 
concentration  had  nearly  doubled;  (3)  three  weeks  later 
when  the  blood  had  almost  regained  a  normal  composi- 
tion. 

The  results  of  these  studies  are  presented  in  figures 
195, 196,  and  197,  and  in  tables  47  to  57. 
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Fig.  196 
Blood  of  Pernicious  Anemia:  Partial  Recovery 
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Fig.  197 
Blood  of  Pernicious  Anemia:  Further  Recovery 
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TABLE  48. 


H20 

B 

X 

CI 

BP 

BHCO3 

H2C03 

Total  CO, 


Serum  of  TJ.F.  on  January  28,  1927. 

Arterial  Venous  A 

cc.  per  I.  serum 939.9  939.8  —0.1 

mm   "    "     "      146.00  146.60  +0.60 

2.13  2.64  +0.51 

104.08  103.29  —0.53 

12.51  12.35  -0.16 

27.28  28.32  +1.04 

1.28  1.49  +0.21 

28.56  29.81  +1.25 


TABLE  49. 


H20 

B 

X 

CI 

BP 

BHCO3 

H2C03 

Total  C02 

Combined  02 

Total  Hb 


Cells  of  TJ.F.  on  January  28,  1927. 

Arterial  Venous 

cc.  per  I.  cells 718.0  723.8 

mu    "    "     "     126.54  123.85 

"    "     "     20.05  18.89 

"   "    "     39.94  46.03 

"    "     "     51.70  42.81 

"    "     "     14.85  16.12 

"    "     "     1.01  1.12 

"    "    "     15.86  17.24 

"   "     " 20.02  8.45 

"   "     "     21.10  20.67 


A 

+5.8 
-2.69 
-1.16 
+6.09 
-8.89 
+1.27 
+0.11 
+1.38 
-11.57 
-0.43 
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TABLE  51. 
Serum  of  TJ.F.  on  March  1,  1927. 


H20 

B 

X 

CI 

BP 

BHC03 

H2C03 

Total  CO, 


cc.  per  I.  serum 941.0 


Lrterial 

Venous 

A 

941.0 

940.9 

-0.1 

149.0 

149.58 

+0.58 

5.27 

5.01 

-0.26 

105.78 

105.48 

-0.30 

12.15 

12.07 

-0.08 

25.80 

27.02 

+1.22 

1.24 

1.38 

+0.14 

27.04 

28.40 

+1.36 

TABLE  52. 


H20 

B 

X 

CI 

BP 

BHC03 

H2C03 

Total  C02 

Combined  O, 

Total  Hb 


Cells  of  TJ.F.  on  March  1,  1927 

Arterial 

cc.  per  I  cells 726.0 

mm    "    "     "     112.94 

"      "   "     "     0.30 

"     "   »     "     45.30 

"      "   «     "     50.72 

"     "   «    "     16.62 

"      »    «     «     0.94 

"     "   «     "     17.56 

,  "     «   "    "     15.71 

'  "      "    "     "     16.55 


Venous 

A 

728.6 

+2.6 

111.89 

-1.15 

1.04 

+0.74 

46.58 

+1.28 

46.43 

-4.29 

17.84 

+1.22 

1.07 

+0.13 

18.91 

+1.35 

11.61 

-4.10 

16.70 

+0.15 

XZ    rd 

o  o 
x  o 


oo 
©  © 

+ 


OO   fflNN 


GO<»QOCOrtlTHOit>CO 

_  ■*  cq  h  o  h  tji  n  ^iq  h  o 

I  ++++++  I   I    I    I   I    I +7 


3  ? 


COOONNHcONiCCO 

HNt»!OiqqH(>o 

O   iH   r-1  O   rA   ©   ©  ©'   rH 
I     +     I     +  +  +  +  +  + 


HOOHCOOCOHHO 
^NHOHHCOHW 
driddNOOHN 
+     I       I     +  +  +  +  +  + 


rH  OS 

Tti  CO 

ci  in 

I  I 


Eh 


T5  *d 

©   2 
o  jo 

3  x 

en  «h 

o   o 


a  go 

"tf   iH   CO 

•-lei  «> 

t>  «tf  © 


.SSI 
■§31 
IpS  § 

-^   P   o 

©    %    o5 

C3  W  fa 
O     o     &h 

|i« 
§  g 

ci    pi 
o   a> 

o 
O 


a>  _,  0©0«HOX(MXt>COT}(OiOtOCOlCl 

3^  Ot>^dt>NO^HONOO^OiOHOO 

X   o  incodwcomwriM^inddiid^ddd 

b.  -  ©   CO  00   (M  W   lO  NlQ  rH  ri  lO  «  O 

p*  X  O0  tH  o 


OB 

CO 

o 

00 

o 

— 1 
o 

o  ©  o 

+  +  + 

CI 

H 

i—. 
O 

+ 

© 
1 

CI 

CO 

o 

1 

© 

1 

C: 

CT 

I- 

o 
C] 

O 

o 

o 

o 

o 


73  ©LOCD©CO©CDCl©0] 

S  oaoHO^oon^oiNn 

r^  oodcQHddiooHNd 

O  N^i     |     NH          rH                         iH 


OS  CD 


o^^onoococoo^ 
oo©mco^NOHcoa> 


OlOOOWNCOCOO 
00   ©  CO  H   CO 

LO 


l>  00 

tH  CO 


t> 

co 


CO 
lO 

CO  CO 

ci  t> 

Ol 

to 


OOiOOOiHOrHOOOCOOiOOOO 

s,    w^^NOCCONSMOHNO^OttHOO 

o  idcddinioHMriNNridddioNioniod 

^     CO   CO  00   <M   <M   r*i  N   lO  iH  rH  ^   00   © 


•f-S  o£c1 


MOO 
CO  ©  N 
t>   CO   CO 

©  ©  © 


03  ONGOOOfflOOOlO^rJi 

a  oo  oo  q  co  in  h  i>  co  oo  in  co 
-S>  co  oi  oi  d  ao  d  co  d  d  ©  rtf 

U  N'*  I  NH    tH  rH 

C3     I 


O  LO 
CO  LO 


s 

e  2 

m  rl 


oco(MH^ocomt>^ 

Ci   CI   CO   tP   tH   LO   00   00   <M  rj< 
LO   00*  rfH   t>!   lo"  rji   O   r-i   CO  CO 

CSC5     CD     HCO        rH  CO 

LO 


<M 

co  tH 

CO  t> 

t> 

CO 


o 
a> 

00  CO 
CO  t> 
CI 

CO 


v. 


rO   8 


goo  § 


~  fcq 

o 


oo 


0  0  ;xj  o  0-0-.s  .s  o  o  1 1  i 

«  Cl,  K  K     «    «  o   oSS   o   oooOOoW 

MeqxiopqpqeqKWHHfer^oorHH  p^  Ph>  p^ 


o     o 

S    u    - 
£    K    o 


276 


BLOOD 


TABLE  54. 
Serum  of  T.J.F.  on  March  23, 1927. 


H20 

B 

X 

CI 
BP 

BHC03 
H2C03 
Total  CO, 


Arterial 

cc.  per  I.  serum 943.0 

mi    "    "      "      153.0 

13.13 

103.42 

11.82 

24.63 

1.32 

25.95 


Venous 
942.8 
154.0 

13.88 
102.02 

11.72 

26.38 
1.54 

27.92 


A 
-0.2 

+1.0 

+0.75 
-1.40 
-0.10 
+1.75 
+0.22 
+1.97 


TABLE  55. 
Cells  of  T.J.F.  on  March  23,  1927. 


H20 

B 

X 

CI 

BP 

BHCO3 

H2C03 

Total  C02 

Combined  O, 

Total  Hb 


Arterial 

cc.  per  I.  cells 733.8 

wi    "    "     "     114.70 

"   «     "     —5.41 

"    "     "     54.62 

"    "     "     48.99 

"    "    "     16.50 

"    "    "     1.02 

"    "    "     17.52 

"   "    "     18.49 

"   «    "     19.13 


Venous 

736.5 

113.40 

-5.70 

57.39 

43.61 

18.10 

1.22 

19.32 

11.90 

18.92 


A 

+2.7 

-1.30 

-0.29 

+2.77 

-5.38 

+1.60 

+0.20 

+1.80 

-6.59 

-0.21 


TABLE  56. 

Arterial  serum  of  T.J.F.  during  recovery  from  pernicious  anemia. 

A  B  C  A 

January      March        March 
28  1  23 


H20 

cc. 

per  I.  serum  . . . 

. .     939.9 

941.0 

943.0 

-3.1 

B 

mm 

a     a 

u 

. .     146.00 

149.00 

153.00 

-7.0 

X 

a 

u     u 

u 

2.13 

5.27 

13.13 

-11.00 

CI 

a 

it     (( 

a 

. .     104.08 

105.78 

103.42 

+0.66 

BP 

it 

u    u 

u 

. .       12.51 

12.15 

11.82 

+0.69 

BHCO3 

a 

11     (( 

a 

. .       27.28 

25.80 

24.63 

+2.65 

H2C03 

ti 

(i     a 

a 

1.28 

1.24 

1.32 

-0.04 

Total  CO 

" 

a    u 

u 

. .       28.56 

27.04 

25.95 

+2.61 

pH    ... 

7.45 

7.438 

7.39 

+0.06 

Protein 

gm. 

per  I.  serum  . . . 

. .       69.6 

67.8 

66.9 

+2.7 

■  Til 
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TABLE  57. 

Arterial  cells 

of  T.J.F.  during  recovery 

from  pernicious  anemia. 

A 

B                C 

A 

January 

March        March 

28 

1                23 

H20                 cc. 

perl. 

cells   . 

. .     718.0 

726.0          733.8 

-15.8 

B                     mM 

a     a 

a 

. .     126.54 

112.94        114.70 

+11.84 

X 

a    a 

u 

. .       20.05 

0.30         -5.41 

+25.46 

CI 

11    it 

a 

. .       39.94 

45.30          54.62 

-14.68 

BP                  " 

11    it 

a 

. .       51.70 

50.72          48.99 

+2.71 

BHCO3 

u    it 

u 

. .       14.85 

16.62          16.50 

-1.65 

H2C03 

a    a 

it 

1.01 

0.94            1.02 

-0.01 

Total  C02       " 

u     it 

it 

. .       15.86 

17.56          17.52 

-1.66 

Combined  02  " 

a    tt 

a 

. .       20.02 

17.87          18.49 

+1.53 

Total  Hb 

a     a 

a 

. .       21.10 

18.82          19.13 

+1.97 

dH 

7.10 

7.167          7.127 

-0.027 

As  a  first  rough  approximation,  the  variations  from 
the  normal  of  this  case  of  pernicious  anemia  may  be  at- 
tributed to  the  variations  in  the  relative  amounts  of  cells 
and  plasma,  or,  in  other  words,  the  condition  may  be  re- 
garded as  nothing  but  a  state  of  simple  anemia.  Neverthe- 
less even  a  superficial  examination  of  the  facts  will  show 
that  to  this  variation  only  the  general  trend  and  the  order 
of  magnitude  of  the  variations  can  be  attributed.  Tables 
56  and  57  enable  us  to  scrutinize  the  question  more 
closely.  They  give  the  composition  of  serum  and  of  cells 
for  arterial  blood  in  the  three  stages  of  the  present  case. 
Thus  a  quantitative  comparison  is  possible. 

It  must  not  be  forgotten,  however,  that  really  precise 
comparisons  are  in  some  respects  impossible  when  we 
study  cells  and  plasma  separately,  for  the  reason  that 
each  phase  is  in  a  state  of  equilibrium  with  and,  there- 
fore, influenced  by  the  other  and  that  as  blood  varies  in 
composition  it  is  impossible  to  find  strictly  corresponding 
states  of  equilibrium  for  comparison.  Nevertheless,  in 
these  four  instances,  the  conditions  of  arterial  cells  and 
serum  are  sufficiently  close  to  corresponding  states  for 
our  present  purposes.  The  difficulty  may  be  illustrated  by 
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a  consideration  of  the  values  for  blood  water,  cell  water, 
and  serum  water  in  the  present  case.  Blood  water  is  high 
in  pernicious  anemia  because  cell  volume  is  low  and  serum 
volume  high,  and  because  cell  water  and  serum  water 
vary  chiefly  with  cell  volume  and  serum  volume.  For  ex- 
ample, in  this  case,  on  January  28  water  was  907  cc.  per 
liter  blood  and  cell  volume  148  cc.  per  liter  blood,  while  in 
the  blood  of  A.V.B.  water  is  848  cc.  per  liter  blood  and  cell 
volume  400  cc.  per  liter  blood.  Thus  it  is  apparent  that 
the  values  of  the  one  variable  partially  explain  those  of 
the  other.  But,  at  the  same  time,  in  T.J.F.  water  was  940 
cc.  per  liter  serum  and  718  cc.  per  liter  cells,  in  A.V.B. 
943  cc.  per  liter  serum  and  only  705  cc.  per  liter  cells. 
Hence,  if  we  may  regard  the  two  arterial  bloods  as  exist- 
ing in  corresponding  states,  which  is  a  convenient  and 
justifiable  assumption,  we  see  that  in  pernicious  anemia 
concentration  of  water  in  serum  is  relatively  low,  in  cells 
high.  Reference  to  the  values  for  March  1  and  March  23 
shows  that  the  first  of  these  variables  approaches  the 
normal  while  the  second  moves  away  from  the  normal 
during  the  recovery  period  in  this  case. 

But,  if  we  return  to  conditions  on  January  28  and  consider 
the  variations  of  the  composition  of  the  blood  as  p02  and 
pC02  vary,  it  is  apparent  that  a  state  of  equilibrium  may 
be  found  where  both  cells  and  serum  have  more  nearly  the 
water  content  of  normal  blood.  In  order  to  discover  this 
state  we  have  only  to  make  use  of  the  nomogram.  Compu- 
tation shows  that,  starting  with  the  arterial  blood  of 
T.J.F.,  movement  of  about  7  cc.  of  water  per  liter  of  blood 
from  cells  to  plasma  would  bring  about  a  condition  of 
equilibrium  in  which  water  amounts  to  704  cc.  per  liter 
cells  and  slightly  more  than  940  cc.  per  liter  serum.  This 

corresponds  to  a  value  of  the  quantity  -~  of  about  0.859 

V  B 

and,  even  if  the  blood  remains  oxygenated,  it  involves  a 
very  low  value  of  pC02 ,  say  15  mm.,  with  correspondingly 
high  values  of  pHs  and  pHc,  say  about  7.8  and  7.4  re- 
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spectively.  Such  conditions  certainly  do  not  occur  in  this 
individual  and  we  are,  therefore,  justified  in  saying  that 
in  this  case  blood  water  is  high  while  concentration  of 
water  in  the  cells  is  also  high,  but  concentration  of  water 
in  serum  is  perhaps  slightly  low.  This  we  say  because,  for 
any  state  which  may  conceivably  be  chosen  for  compari- 
son with  normal,  such  is  the  case. 

Turning  to  other  factors,  it  is  to  be  noted  that  for 
T.J.F.  the  amount  of  hemoglobin  per  liter  of  cells  is  low 
and  that  this  quantity  decreases  during  recovery,  as  the 
total  hemoglobin  of  the  blood  increases.  This  is  also  true 
of  the  mass  of  protein  per  liter  of  serum.  Since  in  the 
case  of  the  cells  these  facts  are  possibly  significant,  they 
are  presented  more  fully  in  table  58. 

Columns  6,  7,  and  8  of  this  table  give,  in  grams,  water 
per  liter  cells,  hemoglobin  per  liter  cells,  and  water  plus 
hemoglobin  per  liter  cells.  It  is  evident  that,  while  the  last 
of  these  quantities  is  nearly  normal  at  the  beginning  of 
the  treatment,  it  undergoes  a  marked  decline  as  the  con- 
dition of  the  blood  changes.  This  may  be  due  to  increase 
in  the  amount  of  nuclear  material  contained  in  the  red 
cells  during  the  stage  of  rapid  increase  in  the  hemoglobin 
content  of  the  blood.  Meanwhile,  the  sum  of  serum  water 
plus  serum  protein  per  liter  serum  remains  nearly  con- 
stant at  a  level  about  0.6  per  cent  below  normal.  It  is  im- 
possible to  say  what  may  be  the  cause  of  this  difference, 
which  might  be  due,  for  example,  to  changes  in  the  con- 
centration of  fat  or  of  other  substances  of  relatively  low 
osmotic  activity. 

On  January  28,  both  cells  and  serum  are  low  in  base, 
later  serum  base  returns  to  normal  while  cell  base  (if  the 
assumptions  on  which  the  calculation  depends  are  correct) 
declines  still  further.  Serum  chloride  is  high  in  all  these 
conditions,  while  cell  chloride  is  at  first  low,  at  last  high. 
But,  since  the  chloride  ion  passes  back  and  forth  between 
the  two  phases,  it  is  better  to  take  account  of  blood  chlo- 
ride which,  at  first  very  high,  slowly  declines,  though  re- 
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maining  high.  This  variation  is  largely  attributable  to  the 
abnormal  ratio  of  cell  volume  to  serum  volume. 

The  level  of  the  carbon  dioxide  dissociation  curves  is 
high  in  this  case,  but  falls  progressively.  Nevertheless, 
the  sum  (BP)B  +  (BHC03)b  is  low.  This  quantity  rises 
progressively.  The  fluctuations  are  chiefly  related  to 
changes  in  hemoglobin  and  serum  protein  concentrations. 

The  quantity  3  =  (B)  +  (X)  +  (CI)  +  (BHC03), 
which  roughly  measures  the  osmotic  effect  of  electrolytes, 
undergoes  the  variations  indicated  in  table  59. 


TABLE  59. 

Foxl  Fox  2  Fox  3  A.V.B. 

279.5  285.9  294.2  294.9 

<|H20    940  941  943  943 

|VH20   297  304  312  313 

ft    201.4  175.2  180.4  211.0 

JH20     718  726  734  705 

|2/H20    280  241  246  299 


H20 


On  January  28  the  electrolyte  concentration  is  low  in 
both  serum  and  cells,  the  difference  between  the  two 
phases  being  normal.  Later  this  concentration  returns  to 
normal  in  the  serum,  but  meanwhile,  in  the  cells,  it  seems 
to  fall  sharply.  Even  though  estimates  of  this  quantity 
for  the  cells  were  of  very  uncertain  accuracy,  because  in- 
direct, some  variation  is  not  unexpected  and  may  perhaps 
be  related  to  the  presence  of  reticulated  red  cells  or  of 
cells  which  have  recently  passed  through  this  stage.  It  is, 
in  fact,  hardly  open  to  question  that  water  and  electro- 
lytes are  associated  with  nuclear  material  in  proportions 
quite  different  from  those  existing  in  the  cell  solution. 

The  oxygen  dissociation  curves  of  pernicious  anemia 
are  displaced  to  the  right.  This  fact,  first  noted  by  Rich- 
ards and  Strauss,133  is  confirmed  by  a  large  number  of  ob- 

133  Richards  and  Strauss,  Journal  of  Clinical  Investigation,  IV,  105 
(1927). 
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servations  of  our  own.  In  order  to  make  the  facts  as  clear 
as  possible,  it  will  be  necessary  to  explain  the  position  of 
the  curve  as  a  function  of  hydrogen  ion  concentration.  To 
this  end,  a  roughly  approximate  mathematical  treatment 
of  the  problem  may  be  employed. 

In  the  absorption  of  oxygen  four  substances  are  as- 
sumed to  be  involved :  Hb,  Hb02 ,  Hb~,  and  Hb02". 

Let  [Hb02]  +  [HbOr]  =  C,  (1) 

and  [Hb]  +  [Hb-]  =  100  -  C.  (2) 

We  have,  approximately, 

and  &I=[HbO?]-P-  (4) 

Als0  ^-^  =  M».|1M,  (5) 

From  equation  5, 

[Hb]=:1081s.[H+HHb-].  (7) 

From  equation  6, 

[Hb02]  =  106  62  •  [H+]  •  [Hb02-].  (8) 

From  equations  2  and  7, 

[Hb-]  +  10818.[H+].[Hb-]  =  100  -  C. 

From  equations  1  and  8 

[Hb02]  +  10662.[H+]-[HbO2-]  =  C. 

Whence  [Hb~]  =  — — ^-— .  (9) 

and  [Hb02]  =  1+10,°M.[H,]-  (10) 
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From  equations  4,  9, 10 
100 -C 


&i 


and 


Also 


1  +  108-18-  [H+] 
100  -C 


X 


*, 


•  pn  =  h 


1+10662-[H+] 
C 

l  +  108-i8.[H+] 


Xpn, 


1+106-62 

108.18 


H 


K     K     io6-62 


=  10] 


(ID 

(12) 
(13) 


If  C  =  100  —  C,  i.e.,  if  the  saturation  of  hemoglobin  be 
one-half  the  maximum  value,  we  have 


1  +  10818 
pn  = 


w 


1  +  106-«.[H+] 


(14) 


Therefore,  in  so  far  as  our  postulates  are  valid,  the 
logarithm  of  the  pressure  of  oxygen  corresponding  to 
half  saturation  of  the  blood  with  oxygen  should  be  ap- 
proximately a  linear  function  of  the  quantity  log  /  [H+]  = 

1  +  10*MH+]. 
10S  i  +  io^2.[H+] 

On  figure  198  values  of  /[H+]  =  ^^662    g+    as  a 

function  of  pH  are  graphically  represented.  With  the  help 
of  this  figure  and  the  nomographic  descriptions  of  the 
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blood  of  a  large  number  of  individuals,  figure  199  is  con- 

1  +  10818,rH+l 
structed.  On  this  figure  log  /[H+]c  =  log  x  +  1Q6.62.[H+]° 

is  plotted  against  log  p02,  i.e.,  the  logarithm  of  the  pres- 
sure of  oxygen  corresponding  to  50  per  cent  saturation 
of  hemoglobin  for  the  value  of  hydrogen  ion  concentra- 
tion of  the  corpuscles  obtained  from  the  nomograms  and 
used  in  calculating  the  values  of  log  /[H+]c. 


.-«*• 


-qW 


\\* 


Fig.  199 
The  Affinity  of  Hemoglobin  for  Oxygen 


The  line  upon  this  figure  is  drawn  through  three  points 
giving  the  average  normal  values  obtained  from  consist- 
ent observations  of  A.V.B.  at  rest,  A.V.B.  at  work,  and 
C.V.C.  at  rest.  It  will  be  seen  that  for  normal  human  blood 
the  relation  in  question  is  in  fact  approximately  linear. 
All  other  points  but  one  fall  to  the  left  of  this  line.  These 
points  include  all  our  studies  of  pernicious  anemia,  in- 
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eluding  the  blood  of  T.J.F.  on  January  28,  March  1,  and 
March  23,  the  blood  of  T,  of  H,  and  of  B.  There  are  added 
observations  in  the  blood  of  a  case  of  nephritis  to  be  con- 
sidered later,  and  on  the  blood  of  the  snapping  turtle. 

For  all  cases  of  pernicious  anemia  the  average  value  of 
log  p02  (the  logarithm  of  the  pressure  of  oxygen  corre- 
sponding to  half  saturation  of  the  blood  with  oxygen  for 
the  calculated  value  of  pHc)  is  increased  0.069  above  the 
average  value  for  normal  human  blood.  This  amounts  to 
an  increase  of  one-sixth  in  the  oxygen  partial  pressure 
and  to  a  corresponding  displacement  of  the  oxygen  dis- 
sociation curves  to  the  right.  At  present  it  is  impossible 
to  account  for  these  facts.  Conceivably,  they  may  be  due 
to  variations  of  the  activity  coefficients  within  the  cells  in 
this  condition.  If  such  variations  take  place,  they  must 
affect  not  only  the  apparent  values  of  the  constants  ku  and 
fa  of  the  reaction  of  hemoglobin  with  oxygen,  but  also  the 
apparent  ionization  constants  h'o  and  h'n  of  the  acid  radi- 
cal of  hemoglobin.  It  is  hardly  to  be  expected,  however, 
that  appreciable  effects  upon  the  carbon  dioxide  disso- 
ciation curves  will  result,  since  the  oxygen  effect  is  ap- 
proximately at  its  maximum  over  a  considerable  range  of 
hydrogen  ion  concentration. 

We  may  sum  up  the  result  of  this  discussion  in  the 
statement  that  hemoglobin  in  the  blood  of  pernicious 
anemia,  of  the  snapping  turtle,  and  of  at  least  one  case  of 
chronic  nephritis  has  a  smaller  affinity  for  oxygen  than 
the  hemoglobin  of  normal  human  blood. 

Such  a  condition  makes  possible  a  greater  coefficient  of 
utilization  of  oxygen  for  given  values  of  p02  in  arterial 
and  venous  bloods  and  may  possibly  slightly  compensate 
for  diminished  oxygen  capacity  of  the  blood. 

It  is  this  diminished  oxygen  capacity  which  is  the  obvi- 
ous and  perhaps  the  only  very  important  respiratory  dis- 
ability of  the  blood  in  pernicious  anemia.  On  January  28, 
the  blood  of  T.J.F.  carried  (i.e.,  absorbed  in  the  lung  and 
gave  off  in  the  tissues)  per  liter  in  a  single  cycle  of  the 
circulation  only  about  one-half  the  amount  of  oxygen 
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transported  in  a  normal  individual  at  rest.  Accordingly, 
blood  flow  must  have  been  almost  double  the  normal  blood 
flow.  In  spite  of  this  the  coefficient  of  utilization  of  oxygen 
was  one-third  greater  than  normal  and  the  oxygen  pres- 
sures of  arterial  and  venous  bloods  corresponded  to  those 
of  a  normal  man  during  work.  Thus  the  factors  of  safety 
of  the  circulation  were  reduced  on  every  hand. 

Meanwhile  the  carbonic  acid  cycle  was  relatively  little 
modified.  Accompanying  the  increase  of  bicarbonate, 
there  was  a  small  increase  of  carbon  dioxide  partial  pres- 
sure, with  the  result  that  the  serum  was  somewhat  alka- 
line. The  cells,  however,  were  slightly  more  acid  than  in 
a  normal  man.  To  this  disparity  between  cells  and  plasma 
a  low  value  of  r  corresponds.  The  range  of  carbon  dioxide 
pressure  was  little  diminished. 

A  further  discussion  of  the  facts  presented  in  the  nomo- 
gram and  tables  is  unnecessary  and  uneconomical.  The 
principal  variations  have  been  pointed  out  and  others 
may  be  readily  found  in  the  tables.  But  some  of  these  are 
open  to  question  because  of  inevitable  magnification  of 
small  experimental  errors  in  the  calculations  and,  so  far 
as  it  is  now  possible  to  form  an  opinion,  they  seem  to  be 
relatively  unimportant. 

In  pernicious  anemia,  the  changes  of  the  physico-chemi- 
cal system  are  on  the  whole  such  as  may  be  attributed  to 
a  single  cause,  reduction  in  the  mass  of  the  cell  phase.  At 
least  this  is  true  of  the  larger  variations,  while  the  lesser 
variations  are  attributable  to  relatively  small  changes, 
especially  during  the  period  of  recovery,  in  the  composi- 
tion of  this  phase.  In  other  pathological  states  the  changes 
of  the  system  may  be  more  various  and  not  less  great. 
Chronic  nephritis,  especially,  may  lead  to  changes  in  the 
blood  and  in  its  respiratory  function  which  are  almost  un- 
paralleled in  magnitude  and  quite  unparalleled  in  diver- 
sity. We  have  studied,  during  the  past  year,  two  cases  of 
this  disease  at  the  point  of  death.134  In  one  of  these  cases, 

134  Henderson,  Bock,  Dill,  Hurxthal,  and  van  Caulaert,  Journal  of 
Biological  Chemistry,  LXXV,  305  (1927). 
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we  were  able  to  get  a  considerable  quantity  of  blood  from 
the  heart  15  minutes  after  death,  and,  by  piecing  together 
the  data  from  all  our  experiments,  it  has  been  possible  to 
construct  a  complete  nomogram.  These  two  cases,  al- 
though their  clinical  histories  were  different,  seemed  to 
be  almost  identical  from  a  pathological  standpoint  at  the 
time  when  our  studies  were  made,  and,  in  particular,  there 
was  no  significant  difference  in  the  composition  of  the 
bloods.  The  results  of  these  studies  are  presented  in  fig- 
ure 200  and  in  tables  60  to  64. 
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H20 

B 

X 

CI 

BP 

BHCOg 

H2C03 

Total  CO. 


TABLE  61. 

Serum  of  a  nephritic  at  death. 

Arterial 
cc.  per  I.  serum 952.2 

m    "    "      "      157.1 

tt       it    tt       tt  544 

"       "    "       «       91.8 

it         it      (l         it  rj  e 

it         ft      It         tt  O  A 

"     «   "     "      0.5 

it       tt     tt       it  on 


Venous 

A 

952.0 

-0.2 

157.4 

+0.3 

53.8 

-0.6 

92.0 

+0.2 

7.4 

-0.1 

4.2 

+0.8 

0.6 

+0.1 

4.8 

+0.9 

H20 

B 

X 

CI 

BP 

BHCO3 

H2C03 

Total  C02 

Combined  O 

Total  Hb 


TABLE  62. 

Cells  of  a  nephritic  at  death. 

Arterial 

cc.  per  I.  cells 751.7 

mM    "    "     "     102.0 

"      "   "     "     10.5 

"      "    "     "     65.5 

"      "    "     «     22.5 

"      "   «     "     3.5 

"     "    "    "     0.3 

tt       a    it      a  o  o 

,  "      "    «     "     16.1 

'  "      "    «     "     17.01 


Venous 

A 

753.3 

+1.6 

101.3 

-0.7 

14.7 

+4.2 

65.5 

0.0 

16.8 

-5.7 

4.2 

+0.7 

0.5 

+0.2 

4.7 

+0.9 

7.8 

-8.3 

16.89 

-0.12 

TABLE  63. 

Arterial  serum  of  A.V.B.  at  rest  and  of  a  nephritic  at  death. 

A.V.B.  Nephritic          A 

H20            cc.  per  I.  serum 943.3  952.2             +8.9 

B                mm   "    "     "      154.00  157.10          +3.10 

X                  "      "   "      "      17.00  54.40  +37.40 

CI                "     "   "     "      99.32  91.80          -7.52 

BP               "     "   "     "      13.13  7.50          -5.63 

BHCO3       "     "    "     "      24-55  3-40  -21.15 

H2C03         "     "   "     "      1.22  0.50          -0.72 

Total  C02    "     "   "     "      25.77  3.90  -21.87 

pH    7.425  6.994        -0.431 

Protein     gm.  per  I.  serum 72.5  54.9  — 17.6 
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TABLE  64. 

Arterial  cells  of  A.V.B.  at  rest  and  of  a  nephritic  at  death. 

A.V.B.         Nephritic  A 

H20  cc.  per  I.  cells 705.0 

B  mM   "    " 

jr  it       (i     a 

CI  "     "   " 

•pp  U        U     11 

BHC03       "    "  " 

H2C03  "  "  u 
Total  C02  "  "  " 
Combined  02  "  "  " 
Total  Hb  "  "  " 
PH    


05.0 

751.7 

+46.7 

.33.75 

102.00 

-31.75 

17.73 

10.50 

-7.23 

45.27 

65.50 

+20.23 

56.50 

22.50 

-34.00 

14.25 

3.50 

-10.75 

0.93 

0.30 

-0.63 

15.18 

3.80 

-11.38 

21.43 

16.10 

-5.33 

22.33 

17.01 

-5.32 

7.124 

6.987 

-0.137 

It  is  a  bewildering  task  to  analyze  the  pathological 
changes  of  this  blood,  which  is  physiologically  defective 
in  every  respect — as  an  environment  of  the  tissues,  as  a 
vehicle  for  the  transport  of  oxygen,  and  as  a  vehicle  for 
the  transport  of  carbonic  acid — and  which  is  in  hardly 
any  respect  unmodified  in  composition.  We  may  first  note 
that  the  volume  of  the  cell  phase  is  but  little  more  than 
one-third  of  the  normal  volume  and  just  that  of  the  blood 
of  T.  J.F.  on  January  28  when  the  anemia  was  at  its  worst. 
But,  in  the  nephritic,  the  anemia  is  even  more  severe,  for 
hemoglobin  makes  up  but  283  grams  per  liter  of  cells 
while,  in  the  case  of  pernicious  anemia,  it  amounts  to  352 
grams  per  liter  of  cells  and,  in  the  normal  case  of  A.V.B., 
to  369  grams  per  liter  of  cells.  Thus,  the  oxygen  capacity 
of  the  blood  is  reduced  to  less  than  one-third  the  normal 
value.  The  sum  of  [BP]B  +  [BHC03]B  is  little  more  than 
one-fourth  the  normal  value,  and,  from  the  chemical 
standpoint,  this  is  a  fair  measure  of  the  reduction  of  the 
carbonic  acid  capacity  of  the  blood.  But,  on  account  of 
the  reduced  partial  pressure  of  carbon  dioxide  which  is 
but  one-third  of  the  normal  pressure,  as  a  result  of  acido- 
sis and  greatly  increased  ventilation  of  the  lung,  the  car- 
bonic acid  content  of  the  blood  is  hardly  more  than  one- 
sixth  the  normal  content. 
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The  hydrogen  ion  concentrations  are  greatly  increased, 
in  the  sernm  nearly  threefold,  in  the  cells,  however,  only 
abont  40  per  cent  on  account  of  the  profound  disturbance 
of  the  heterogeneous  equilibrium  between  cells  and 
plasma,  which  finds  expression  in  the  increased  value  of 
the  Donnan  r  for  all  ions.  The  undetermined  acids,  HX, 
are  also  increased  nearly  threefold,  or  perhaps  more  than 
this,  since  there  is  reason  to  suspect  that  Bc  and  Xe  are 
greater  than  we  have  estimated  them  to  be.  Blood  chloride 
is  also  slightly  increased. 

For  serum,  the  value  of  S  =  (B)  +  (X)  +  (CI)  + 
(BHC03)b  per  liter  of  water  is  little,  say  three  per  cent, 
more  than  normal.  But  non-protein  nitrogen  amounts  to 
4.7  grams  per  liter  blood  and  this  can  hardly  account  for 
less  than  an  increase  in  total  concentration  of  the  blood 
solution  of  120  millimoles  per  liter.  The  osmotic  pressure 
is  accordingly  one-third  greater  than  normal. 

These  statements  will  suffice  to  show  that  all  the  great 
functions  of  the  blood  are  deranged  and,  therefore,  to 
suggest  how  far-reaching  must  be  the  modifications  of 
every  part  of  the  body.  But  they  by  no  means  exhaust  the 
analysis  of  the  pathological  modifications  of  the  blood. 

The  serum,  like  the  cells,  is  low,  only  about  three- 
fourths  normal,  in  protein  content  and  high  in  water,  but 
not  quite  correspondingly  high.  In  spite  of  the  increase 
in  chloride  per  liter  blood,  there  is  a  considerable  reduc- 
tion of  nine  millimoles  in  the  concentration  of  chloride 
per  liter  serum  water.  Since  the  value  of  (BP)  + 
(BHC03)  per  liter  serum  water  is  but  11.5  millimoles,  it 
is  evident  that  without  this  diminution  in  chloride  con- 
centration of  serum  the  transport  of  carbonic  acid  could 
not  have  continued.  The  concentration  of  base  per  liter 
serum  water,  alone  among  the  concentrations  of  the  im- 
portant components  of  the  system,  is  normal.  But  an  ab- 
normally large  part  of  this  base  is  associated  with  X  and 
in  view  of  the  insufficient  renal  action  it  may  be  consti- 
tuted of  sodium,  potassium,  and  other  ions  in  abnormal 
proportions. 
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We  lack  direct  information  concerning  the  value  of  Bc , 
which  has  been  estimated  in  the  conventional  manner  in 
accordance  with  measurements  of  normal  blood.  Here 
such  estimates  are  probably  worthless  and  there  is  reason 
to  think  that  a  considerable  quantity,  say  30  millimoles, 
should  be  added  to  the  estimates  of  B  and  of  X  per  liter 
cells.  The  chloride  content  of  the  cells  is  high, measured  per 
liter  water  about  one-third  greater  than  normal.  The  quan- 
tity of  base  bound  by  cell  protein  is  enormously  reduced, 
first  on  account  of  the  great  decrease  of  hemoglobin  con- 
tent, and,  secondly,  because  of  the  decreased  alkalinity  of 
the  cells.  In  spite  of  the  fact  that  this  change  of  alkalinity 
is  relatively  small,  while  pHs  is  much  changed,  there  is  a 
large  reduction  of  base  bound  per  gram  of  hemoglobin 
and  a  small  decrease  in  base  bound  per  gram  of  serum 
protein.  The  facts  are  as  follows : 

TABLE  65. 

Base  bound  per  gram  of  protein  in  arterial  blood. 

Serum  Cells 

niM  vim 

A.V.B 0.181  0.153 

Nephritic    0.143  0.079 

Difference     0.038  0.079 


They  may  be  readily  understood  by  taking  the  isoelectric 
points  of  the  proteins  into  account.  For  the  serum  pro- 
teins these  points  are  remote  from  the  hydrogen  ion  con- 
centration of  the  serum,  while  the  isoelectric  point  of 
hemoglobin  is  near  the  reaction  of  the  cell  contents.  At  the 
isoelectric  point  a  protein  is  not  at  all  or  little  dissociated, 
and  the  degree  of  its  ionization  is  approximately  a  linear 
function  of  the  quantity  pH.  Therefore,  a  small  change  in 
pHc  is  accompanied  by  a  relatively  large  change  in  base 
bound  by  hemoglobin,  while  a  large  change  in  pH3  is  ac- 
companied by  a  relatively  small  change  in  base  bound  by 
serum  protein.  The  absolute  magnitude  of  the  change  is 
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of  course  dependent  upon  the  buffer  value  of  the  protein. 
For  hemoglobin  this  is  very  high. 

Changes  of  the  respiratory  cycle  in  this  blood  are  also 
remarkable.  The  movement  of  water  between  cells  and 
plasma,  like  the  accompanying  changes  in  volume  of  the 
two  phases,  is  but  1  cc.  per  liter,  one-fourth  of  the  change 
in  the  blood  of  A.V.B.  in  the  resting  state.  The  movement 
of  chloride  is  merely  0.07  millimoles  per  liter  blood,  one- 
tenth  the  normal  value.  The  change  in  total  carbonic  acid 
between  arterial  and  venous  blood  is  0.94  millimoles  per 
liter,  the  corresponding  difference  for  oxygen  1.29  milli- 
moles per  liter.  These  values  may  be  compared  with  those 
for  A.V.B.  at  rest,  1.68  millimoles  and  2.05  millimoles  re- 
spectively; for  A.V.B.  at  work,  4.47  millimoles  and  4.47 
millimoles  respectively ;  and  for  T.  J.F.  on  January  28,  0.75 
millimoles  and  1.07  millimoles  respectively.  It  will  be  seen 
that  the  oxygen  carried  per  liter  of  blood  in  the  nephritic 
is  about  60  per  cent  of  the  amount  carried  in  normal  man 
at  rest,  30  per  cent  of  that  carried  in  normal  man  at  work, 
but  120  per  cent  of  that  carried  in  the  blood  of  T.  J.F.  The 
fluctuations  in  carbonic  acid  transport  depend  also  upon 
variation  of  the  respiratory  quotient.  In  the  case  of  ne- 
phritis here  described  the  respiratory  quotient  was  as- 
sumed to  be  low. 

Variations  in  the  quantity  of  oxygen  carried  per  liter 
of  blood  are  significant,  especially  when  considered  in  re- 
lation to  oxygen  capacity  and  coefficient  of  utilization. 
Relative  magnitudes  for  the  four  cases  in  question  are  in 
round  numbers  as  follows : 


Oxygen  carried 
per  1.  blood 

A.V.B.  Rest  1.0 

A.V.B.  Work 2.2 

Pernicious  Anemia  ....       0.5 
Nephritis    0.6 


TABLE  66. 

II 

III 

Coefficient  of 

IV 

ried       Oxygen 

utilization  of 

Venous 

od          capacity 

oxygen  (I-^II) 

P02 

1.0 

1.0 

1.0 

1.1 

2.0 

0.78 

0.35 

1.4 

0.80 

0.28 

2.1 

0.88 
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The  nephritic,  at  the  point  of  death,  with  an  organism 
which  is  gravely  deranged  in  every  respect,  transports 
more  oxygen  per  liter  of  blood  than  does  the  sufferer 
from  pernicious  anemia.  But,  on  account  of  the  very  low 
oxygen  capacity,  this  is  possible  only  through  an  increase 
of  the  coefficient  of  utilization  of  oxygen  to  a  point  which 
is  even  higher  than  that  characteristic  of  A.V.B.  in  work 
and  which  is  one-half  greater  than  that  observed  in  per- 
nicious anemia.  This  condition  in  the  nephritic  may  per- 
haps be  attributed  to  a  weakened  heart,  for  the  coefficient 
of  utilization  of  oxygen  during  rest  in  bed  has  attained 
nearly  its  maximum  value  and  it  may  even  be  suspected 
that  a  condition  of  mild  anoxemia  prevails  in  certain 
parts  of  the  body.  This  is,  however,  improbable  or  at  least 
open  to  question,  since  increase  in  the  acidity  of  the  cor- 
puscles has  decreased  the  affinity  of  hemoglobin  for  oxy- 
gen and,  therefore,  raised  the  oxygen  pressure,  especially 
in  venous  blood.  Moreover,  as  in  pernicious  anemia,  so  in 
this  case  of  nephritis,  there  appears  to  be  a  further  de- 
crease in  the  affinity  of  hemoglobin  for  oxygen  for  which 
it  is  impossible  to  give  an  explanation.  As  a  result  of  the 
two  changes,  mixed  venous  oxygen  pressure  in  the  ne- 
phritic is  88  per  cent  of  the  normal  resting  value,  while  it 
is  but  80  per  cent  of  that  value  in  pernicious  anemia,  with 
a  lower  coefficient  of  utilization  of  oxygen,  and  but  78  per 
cent  in  the  normal  man  during  work.  But  how  the  local 
venous  oxygen  pressure  may  vary  can  hardly  be  guessed. 

Because  of  the  increased  breathing,  arterial  oxygen 
pressure  in  the  nephritic  is  very  high.  This,  however,  is 
probably  a  negligible  factor  in  the  present  discussion,  for, 
in  accordance  with  the  flatness  of  the  upper  reaches  of  the 
oxygen  dissociation  curve,  this  value  falls  sharply  as  soon 
as  diffusion  of  oxygen  out  of  the  blood  begins.  In  the  ne- 
phritic the  difference  in  the  value  of  pHs  for  arterial  and 
venous  bloods  is  just  equal  to  that  for  A.V.B.  at  rest. 
This  is  due  to  the  cancelling  out  of  the  effects  of  many 
variations,  for  example,  the  decrease  in  concentration  of 
protein  tends  to  increase  the  variation  in  pHs,  the  in- 
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crease  in  coefficient  of  utilization  of  oxygen  tends  to  di- 
minish it,  the  increase  of  the  ratio  of  the  difference  of 
arterial  and  venous  carbon  dioxide  pressures  to  the  mean 
value  of  this  pressure  tends  to  increase  the  difference, 
and  the  fall  in  the  respiratory  quotient  to  a  value  but 
little  greater  than  0.78  to  diminish  it. 

The  values  of  pHc  are  uncertain.  But  in  them,  as  in  esti- 
mates of  the  concentration  of  chloride,  of  X,  and  of  bicar- 
bonate for  cells  and  plasma  in  arterial  and  in  venous 
bloods,  there  is  evidence  of  an  unexampled  modification  of 
the  heterogeneous  equilibrium  between  the  two  phases  of 
the  blood.  In  round  numbers  the  mean  value  of  the  Don- 
nan  r  for  all  ions  seems  to  be  not  far  from  1.0,  a  very  large 
increase  over  the  normal.  For  bicarbonate  the  values  of  r 
seem  to  be  about  1.3. 

The  insufficiency  of  renal  action  is,  no  doubt,  directly 
responsible  for  the  twenty-fold  increase  in  non-protein 
nitrogen,  with  the  resulting  great  disturbance  of  osmotic 
relations.  The  same  cause  must  be  at  least  partly  re- 
sponsible for  the  threefold  increase  in  the  concentration 
of  X  and  for  the  decrease  of  one-fourth  in  serum  protein 
concentration.  It  is  safe  to  assume  that  the  acidosis  is  also 
partly  a  direct  result  of  the  renal  lesion.  But,  on  the 
whole,  it  is  manifestly  impossible  to  regard  the  changes  in 
the  blood  as  direct  effects  of  the  pathological  state  of  the 
kidney.  On  the  contrary,  nothing  could  be  clearer  than 
that  a  disturbance  of  the  whole  organism  exists.  This  in- 
volves adjustments  and  readjustments  between  all  the 
parts  and  at  this  stage  the  breaking  point  has  been 
reached.  There  can  be  little  doubt,  for  instance,  that  the 
blood  must  exert  harmful  action  on  the  kidney  which  is 
hardly  less  than  that  exerted  by  the  kidney  on  the  blood. 
A  similar  statement  will  hold  good  for  the  heart  and  the 
other  organs. 

In  this  case  we  have  before  us  an  organism  at  the  mo- 
ment of  dissolution  and  a  complete  description  of  the 
state  of  one  of  its  component  mechanisms.  In  spite  of  the 
doubtful  accuracy  of  some  of  the  elements  of  this  descrip- 
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tion,  which  results  from  insufficiency  of  material  for 
analysis,  we  can  readily  see  that,  at  best,  the  state  of  the 
blood  only  barely  affords  the  necessary  conditions  for  the 
existence  of  the  organism.  Yet  adaptive  properties  of 
some  of  the  pathological  changes  of  the  blood  may  still 
be  recognized.  Thus  the  diminution  of  chloride  content  of 
serum  was  indispensable  to  the  continuance  of  carbonic 
acid  excretion.  Again  the  acid  reaction  of  the  blood  tends 
to  increase  oxygen  pressure  in  the  tissues  and  the  in- 
creased ventilation  which  it  entails  raises  oxygen  pres- 
sure in  the  lung  far  enough  to  offset  the  diminished  af- 
finity of  hemoglobin  for  oxygen  in  the  arterial  blood.  Such 
changes  as  these,  and  perhaps  others,  all  trace  of  which 
has  disappeared,  have  prolonged  life.  It  will  be  possible 
to  conceive  more  clearly  the  state  of  this  organism  when 
we  take  up  in  Chapter  XII  the  study  of  diffusion,  blood 
flow,  and  breathing ;  for  the  present  we  have  carried  the 
analysis  as  far  as  it  may  be  profitably  pursued. 

It  is  also  unprofitable  to  continue  the  verbal  analysis  of 
other  pathological  states.  All  that  has  been  said  in  this 
chapter  and  the  last  concerning  the  blood  in  pernicious 
anemia,  in  nephritis,  and  in  the  normal  man  during  work 
is  either  explicitly  presented  in  the  nomograms  and  tables 
or  else  easily  deducible  from  them.  The  verbal  analysis  is 
here  carried  through  chiefly  to  illustrate  the  meaning  and 
use  of  these  nomograms  and  tables  and  it  may  be  hoped 
that  the  illustration  is  now  sufficient. 

It  has  been  said  that  mathematics  is  a  language.  No 
doubt  the  mathematical  language  of  classical  physical  sci- 
ence is  more  elegant  and  more  concise  than  the  nomo- 
graphic language  which  is  employed  in  this  book.  But  we 
should  reject  one  of  the  most  precious  advantages  of 
mathematics,  which  is  not  lacking  even  in  the  present  ex- 
position, if  we  were  to  endeavor  to  translate  into  English 
that  which  can  be  well  said  only  in  the  nomographic 
idiom.  Therefore,  the  results  of  a  few  other  pathological 
and  clinical  studies  are  presented  in  the  following  pages 
exclusively  in  the  form  of  nomograms  and  tables. 
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In  figure  201  the  composition  of  the  blood  of  a  typical 
case  of  myxedema  is  represented.  For  this  case  the  so- 
called  basal  metabolic  rate  was  approximately  —40  per 
cent.  Tables  67  to  71  complete  the  description  and  give 
a  comparison  with  the  condition  of  the  blood  in  a  normal 
man. 
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TABLE  68. 
Serum  in  myxedema. 


H20 

B 

X 

CI 

BP 

BHC03 

H2C03 

Total  CO, 


cc.  per  I.  serum 931.9 


mM 


rterial 

Venous 

A 

131.9 

931.4 

-0.5 

.50.0 

150.84 

+0.84 

9.62 

9.85 

+0.23 

.00.05 

99.40 

-0.65 

14.05 

13.89 

-0.16 

26.28 

27.70 

+1.42 

1.08 

1.26 

+0.18 

27.36 

28.96 

+1.60 

TABLE  69. 
Cells  in  myxedema. 


H20 

B 

X 

CI 

BP 

BHC03 

H2C03 

Total  C02 

Combined  (X 

Total  Hb 


cc.  per  I.  cells 691.2 


mM 

a 

a      a 

a 

U       ii 

a 

ii         (C 

it 

It       u 

u 

u      a 

a 

u      u 

a 

il      11 

u 

11      11 

a 

((      il 

rterial 

Venous 

A 

191.2 

694.8 

+3.6 

.27.33 

125.92 

-1.41 

21.70 

21.08 

—0.62 

42.64 

44.87 

+2.23 

47.04 

42.10 

-4.94 

15.95 

17.87 

+1.92 

0.80 

0.92 

+0.12 

16.75 

18.79 

+2.04 

20.16 

14.18 

-5.98 

21.25 

20.98 

-0.27 
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TABLE  70. 


Arterial  serum  in  normal  man  and  in  myxedema. 


H20 

cc. 

B 

mM 

X 

it 

CI 

u 

BP 

tt 

BHCO3 

(i 

H2C03 

tt 

Total  C02 

tt 

PH    

cc.  per  I.  serum 943.3 


ormal  man 

Myxedema 

A 

943.3 

931.9 

-11.4 

154.0 

150.0 

-4.0 

17.0 

9.62 

-7.38 

99.32 

100.05 

+0.73 

13.13 

14.05 

+0.92 

24.55 

26.28 

+1.73 

1.22 

1.08 

-0.14 

25.77 

27.36 

+1.59 

7.425 

7.506 

-0.081 

TABLE  71. 


Arterial  cells  in  normal  man  and  in  myxedema. 


H20 

B 

X 

CI 
BP 

BHC03 
H2C03 
Total  C02 
Combined  0, 
Total  Hb 
PH    


cc.  per  I.  cells 705.0 


ormal  man 

Myxedema 

A 

705.0 

691.2 

-13.8 

133.75 

127.33 

—6.42 

17.73 

21.70 

+3.97 

45.27 

42.64 

—2.63 

56.50 

47.04 

—9.46 

14.25 

15.95 

+1.70 

0.93 

0.80 

-0.13 

15.18 

16.75 

+1.57 

21.43 

20.16 

-1.27 

22.33 

21.25 

-1.08 

7.124 

7.228 

+0.104 
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Fig.  202 
Blood  in  Diabetic  coma 
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TABLE  73. 


H20 

B 

X 

CI 

BP 

BHCO3 

H2C03 

Total  CO 


Serum  in  diabetic  coma. 
Arterial 

cc.  per  I.  serum 924.8 

mM  "  "  "      (150.4) 

«  "  "  "      (31.2) 

"  "  «  "      106.6 

"  "  «  "      10.3 

"  «  "  "      2.30 

"  «  "  «      0.22 

"  "  "  «      2.52 


Venous 

A 

924.1 

-0.7 

(151.5) 

(+1-1) 

(34.6) 

-3.4 

103.5 

-3.1 

9.9 

-0.4 

3.50 

+1.20 

0.43 

+0.21 

3.93 

+1.41 

TABLE  74. 


Cells  in  diabetic  coma. 


H20 

B 

X 

CI 

BP 

BHCO3 

H2C03 

Total  C02 

Combined  0, 

Total  Hb 


Arterial 

cc.  per  I.  cells 710.7 

mM    «    "    "     119.0 

"      «    "     "     19.2 

((       ((     u      <(  aj  j 

u       a     u      u  aj  o 

"     "   "    "     2.33 

"     «   «    «     0.16 

"      «    "     «     2.49 

,  "      «   «     "     19.2 

'  "      «   "     "     19.9 


Venous 


713.4 

+7.3 

118.0 

-1.0 

16.7 

-2.5 

70.0 

+2.3 

40.8 

-6.4 

3.59 

+1.26 

0.34 

+0.18 

3.93 

+1.44 

15.0 

-4.2 

19.7 

-0.2 
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TABLE  75. 

Arterial  serum  of  A.Y.B.  at  rest  and  of  diabetic  coma. 

A.V.B.  Coma  A 

H20            cc.  per  I.  serum 943.3  924.8  —18.5 

B                m    "    "      "      154.0  (150.4)  (-3.6) 

X            ,      "      "   "      "      17.00  (31.2)  (+14.2) 

CI                "     "   "     "      99.32  106.6  +7.3 

BP               "      "   "      "      13.13  10.3  -2.8 

BHC03        "      "    "      "      24.55  2.30  -22.2 

H2C03         "     "   "     "      1.22  0.22  -1.0 

Total  C02    "     "    "     "      25.77  2.52  -23.2 

pH    7.425  7.140  -0.285 

Protein      gm.  per  I.  serum 72.5  64.7  — 7.8 


TABLE  76. 

Arterial  cells  of  A.V.B.  at  rest  and  of  diabetic  coma. 

A.V.B.  Coma  A 

H20  cc.  per  I.  cells 705.0  710.7  +5.7 

B  mu    «    «    "     133.75  119.0  -14.7 

X  tt      tt    tt     tt      ^73  19  2  +1.5 

CI  u     u   u    a     4527  67.7  +22.4 

BP  "     «   «    «     56.50  47.2  -9.3 

BHC03  "     "    "     "     14.25  2.33  -11.9 

H2C03  *     "    "    "     0.93  0.16  -0.77 

Total  C02        "     "   "    "     15.18  2.49  -12.7 

Combined  02  "      "   "    "     21.43  19.2  -2.2 

Total  Hb         "     "   "     "     22.33  19.9  -2.4 

pH    7.124  7.075  -0.049 


Figure  202  is  the  nomogram  for  the  blood  of  a  case  of 
diabetic  coma.  This  figure  yields  tables  72  to  76.  It  is  plain 
that  serious  discrepancies  exist  in  the  estimates  of  buffer 
action  for  this  case.  The  errors  are  probably  due  not  so 
much  to  experiment  as  to  ignorance  of  conditions  within 
the  cell.  In  most  respects,  however,  the  nomogram  and 
figures  for  this  case  yield  sufficiently  accurate  informa- 
tion. 

The  effect  on  the  acid-base  equilibrium  of  the  blood 
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Fig.  203 
Diabetic  Coma:  Effect  of  Insulin  on  Blood  Carbonic  Acid 


produced  by  administration  of  insulin  in  a  similar  case  is 
illustrated  by  figure  203  taken  from  the  paper  of  Bock, 
Field,  and  Adair.135 

Finally,  figure  204  gives  the  nomogram  for  a  case  of 
congenital  malformation  of  the  heart  with  deep  cyanosis 
and  polycythemia.136 

135  Bock,  Field,  and  Adair,  Journal  of  Metabolic  Research,  IV,  27 
(1923). 

136  L.  J.  Henderson,  Comptes  rendus  de  VAcademie  des  Sciences, 
CLXXX,  2066  (1925). 


Fig.  204 
Blood  in  a  Case  of  Congenital  Malformation  of  the  Heart 


CHAPTER  XI 
OTHER  SPECIES 

A  FTER  the  study  of  human  blood  we  shall  now  con- 

/\  sider  the  blood  of  other  species.  Of  this  subject 
1  %  our  knowledge  is  but  fragmentary ;  first,  because 
the  British  and  American  schools  of  physiology  have  fol- 
lowed the  example  of  Haldane  and  formed  the  habit  of 
experimenting  on  themselves;  secondly,  because  it  is  in 
general  difficult,  or  even  impossible,  to  make  a  correct 
diagnosis  of  the  physiological  state  of  a  lower  animal; 
and,  finally,  because  the  animal  cannot  either  obey  the  in- 
structions of  the  experimenter  or  impart  information. 

A  complete  nomogram  of  horse  blood  was  made  by  Van 
Slyke,  Wu,  and  McLean.137  A  transformation  of  this 
nomogram  according  to  the  method  of  construction  em- 
ployed in  this  book  is  given  in  figure  205. 

The  positions  of  the  arterial  and  venous  blood  lines  on 
this  chart  are  arbitrarily  chosen,  and,  in  particular,  the 
correct  position  of  the  latter  line  is  very  uncertain.  From 
the  figure,  table  77  has  been  constructed.  In  studying  this 
table  it  must,  therefore,  be  remembered  that,  although  the 
composition  of  the  blood  has  been  accurately  determined, 
the  estimates  of  the  respiratory  cycle  are  arbitrary. 

From  the  standpoint  adopted  in  working  out  our  ap- 
proximate description  of  the  conditions,  the  composition 
of  horse  blood  is  almost  indistinguishable  from  that  of 
human  blood.  In  fact  the  only  difference  great  enough  to 
attract  attention  is  in  the  concentration  of  hemoglobin 
within  the  cells,  or,  to  speak  in  terms  of  actual  measure- 
ments, in  the  oxygen  capacity  per  liter  of  cells.  If  we  may 

137  Van  Slyke,  Wu,  and  McLean,  Journal  of  Biological  Chemistry, 
LVI,  784  (1923). 
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Fig.  205 
Blood  of  Horse 
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draw  a  conclusion  from  these  observations,  human  cells 
seem  to  have  a  capacity  slightly  greater  than  that  of  horse 
cells  to  transport  oxygen.  This  may  be  due  to  differences 
between  the  hemoglobins  of  the  two  species  or  to  differ- 
ences of  the  physico-chemical  structure  of  the  red  cells  in 
man  and  the  horse.  Both  differences  no  doubt  exist.  But, 
since  greater  variations  than  those  in  question  occur  in 
man  under  pathological  conditions,  and  the  state  of  the 
horse  is  not  accurately  known,  the  interpretation  of  the 
facts  must  remain  doubtful. 

On  general  principles,  especially  from  consideration  of 
the  principle  of  similitude,  it  is  not  to  be  expected  that 
mere  differences  in  size  should  lead  directly  to  differences 
in  the  physico-chemical  composition  of  the  blood  of  simi- 
lar species.  Nevertheless,  it  is  at  least  worthy  of  note 
that,  in  this  case  at  least,  such  differences  have  not  arisen 
indirectly.  The  fact  is  significant  of  the  very  general  char- 
acter of  the  factors  that  determine  the  constitution  and 
properties  of  blood. 

The  blood  of  the  snapping  turtle,  Chelydra  serpentina, 
has  been  studied  by  Redfield  and  Southworth,138  and  by 
my  collaborators  at  the  Massachusetts  General  Hospital. 
The  results  are  printed  as  a  nomogram  in  figure  206.  The 
facts  concerning  the  respiratory  cycle  and  the  composi- 
tion of  the  blood  of  this  animal  are  also  given  in  the  usual 
manner  in  tables  78  to  80. 

138  Redfield  and  Southworth,  Journal  of  General  Physiology,  IX,  387 
(1926). 
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TABLE  78. 

Blood  of  the  snapping  turtle  {Chelydra  serpentina)  at  37.5°. 

Concentration  of  hemoglobin  =  2.63  mM  per  liter  of  blood. 
Concentration  of  serum  proteins  =  40.8  gm.  per  liter  of  blood. 

Serum  Cells        Whole  blood 

H20        cc.  per  I.  blood 760.0  148.0               908 

B           m   "    "     "     116.50  20.60             137.10 

X             "     "   "     "     11.65  0.85               12.50 

CI            "     "   "     "     62.11  4.49               66.60 

BP           "     "   "     "     7.78  12.86               20.64 

BHC03  "     "   "     "     34.96  2.40               37.36 

BHCO3 ,  vol.  per  cent 78.32  5.38               83.70 

H2C03 ,  mM  per  I.  blood 1.07  0.21                 1.28 

H2C03 ,  vol.  per  cent 2.40  0.47                 2.87 

Total  C02 ,  mM  per  I  blood 36.03  2.61               38.64 

Total  C02 ,  vol  per  cent 80.72  5.85               86.57 

Free  02 ,  mM  per  I.  blood 0.15 

Free  02 ,  vol.  per  cent 0.32 

Combined  02 ,  vim  per  I.  blood  ....  2.50 

Combined  02 ,  vol.  per  cent 5.60 

Total  02,  vim  per  I.  blood 2.65 

Total  02 ,  vol.  per  cent 5.92 

pC02 ,  mm.  Hg 43.5 

p02 ,  mm.  Hg  130 

Volume,  cc.  per  I.  blood 795.6  204.4            1,000 

pH    7.60  6.99 

rcl    0.371 

'HC03    •  •  °'353 


TABLE  79. 
Arterial  serum  of  the  snapping  turtle  at  37.5° . 


H20 

B 

X 

CI 

BP 

BHCO3 

H2C03 

Total  CO, 


cc.  per  I 
mM    " 


955.2 

146.50 

14.65 

78.11 

9.78 

43.96 

1.35 

45.31 
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TABLE  80. 

Arterial  cells  of  the  snapping  turtle  at  37.5' 


H20 

B 

X 

CI 

BP 

BHC03 

H2C03 

Total  C02 

Combined 

Total  Hb 


cc.  per  I. 


(X 


724.3 
100.70 
4.15 
21.90 
62.92 
11.73 
1.03 
12.76 
12.2 
12.9 


We  are  here  concerned  with  a  vertebrate  which  differs 
widely  from  the  mammals  in  both  morphological  and 
physiological  characters.  Morphologically,  the  difference 
that  has  the  greatest  influence  upon  the  properties  of  the 
blood  is  perhaps  the  structure  of  the  heart.  As  a  result 
of  communication  between  the  two  sides  of  the  heart  in 
this  animal,  there  appear  to  be,  in  addition  to  the  local  ve- 
nous bloods,  three  principal  kinds  of  blood :  mixed  venous 
blood,  arterial  blood,  and  a  mixture  of  these  which  returns 
to  the  lungs  from  the  heart.  These  facts  are  represented 
on  the  nomogram  and  in  the  tables.  We  shall  consider 
them  in  the  next  chapter.  Physiologically,  the  most  strik- 
ing peculiarity  of  the  turtle  in  contrast  to  the  mammals 
is,  no  doubt,  the  variable  and  generally  low  temperature 
of  the  body.  This  is  associated  with  a  low  metabolic  rate 
and  with  the  transport  of  small  quantities  of  oxygen  and 
of  carbonic  acid.  In  turn,  these  peculiarities  are  asso- 
ciated with  marked  differences  in  physico-chemical  prop- 
erties from  the  mammalian  type  of  blood.  The  facts  are 
all  clearly  presented  in  the  nomogram  and  tables  and  at 
this  stage  of  our  study  require  no  further  elucidation. 

But  variable  body  temperature  introduces  a  complica- 
tion that  has  not  heretofore  arisen  and,  in  this  instance, 
we  must  take  account  of  the  effect  of  temperature  upon 
the  properties   of  the  physico-chemical  system  of  the 
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blood.  In  mammals  it  is  possible  to  neglect,  without  very- 
erroneous  conclusions,  the  effects  of  the  fluctuation  of 
temperature  which  may  occur  in  the  normal  individual, 
and  even  in  fever  such  changes  may  not  be  great,  but 
here  the  fluctuation  of  temperature  may  amount  to  many 
degrees. 

Needless  to  say,  temperature  is  one  of  the  most  fa- 
miliar and  one  of  the  most  important  of  physico-chemical 
variables.  Therefore,  if  blood  were  a  simple  system,  there 
would  be  little  difficulty  in  treating  the  question  from  a 
theoretical  standpoint.  Indeed,  this  may  be  done  for  cer- 
tain aspects  of  the  problem,  and  I  did  in  fact  many  years 
ago  thus  discuss  the  variations  of  hydrogen  ion  concen- 
tration that  accompany  variations  of  temperature  in  hu- 
man blood.139  But  it  would  be  at  present  a  hopeless  task 
to  treat  theoretically  the  variation  of  a  nomogram  with 
variation  of  temperature. 

Accordingly,  we  have  undertaken  an  experimental 
study  of  the  question  and  have  constructed  a  nomogram, 
figure  207,  representing  the  properties  of  turtle  blood  at 
20  degrees.  Tables  81,  82,  and  83  are  constructed  from  this 
figure.  Figure  206  above  and  tables  78  to  80  describe  the 

139  L.  J.  Henderson,  Ergebnisse  der  Physiologie,  Jahrgang  VIII, 
p.  301, 1909. 
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H20 

B 

X 

CI 

BP 

BHCO3 

H2C03 

Total  CO, 


TABLE  82. 

Serum  of  turtle  at  20° 

From 
lungs 

cc.  per  I.  serum 955.2 

mM    "    "      "      146.50 

11.07 

78.05 

9.78 

47.50 

1.80 

49.30 


From 

vena  cava 

954.8 

147.20 

11.66 

77.36 

9.63 

48.55 

2.12 

50.67 


To 
lungs 
955.0 
146.70 

11.27 

77.83 
9.73 

47.87 
1.89 

49.76 


H20 

B 

X 

CI 

BP 

BHCO3 

H2C03 

Total  C02 

Combined  02 

Total  Hb 


TABLE  83. 

Cells  of  turtle  at  20° . 

From 

lungs 

cc.  per  I.  cells 724.3 


mM 


100.7 
2.4 
22.1 
58.9 
17.3 
1.3 
18.6 
12.2 
12.9 


From 

vena  cava 

729.3 

98.8 

2.9 

25.8 

51.2 

18.9 

1.6 

20.5 

4.4 

12.6 


To 

lungs 

725.8 

100.1 

2.9 

23.4 

56.0 

17.8 

1.4 

19.2 

9.6 

12.8 


properties  of  the  same  blood  removed  from  the  body  of 
the  turtle  under  ordinary  conditions  and  then  brought  to 
a  temperature  of  37.5  degrees,  so  that  the  conditions  shall 
be  similar  to  those  in  our  studies  of  mammalian  blood.  A 
comparison  of  the  figures  and  tables  will  yield  informa- 
tion concerning  the  variations  that  occur  in  the  same 
specimens  of  blood  when  the  temperature  is  varied. 

Such  an  experiment  is,  however,  very  far  from  what  is 
required  to  determine  the  changes  in  the  blood  of  an  or- 
ganism when  the  temperature  of  the  whole  body  is  varied. 
Thus  far  we  have  not  undertaken  a  study  of  this  question. 
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But  Austin,  Sunderman,  and  Carnack,140  in  their  studies 
of  the  blood  of  the  alligator,  have  presented  observations 
on  the  composition  of  blood  serum  drawn  from  the  same 
individual  before  and  after  varying  the  temperature  of 
the  body.  These  measurements  prove  that  variations  of 
body  temperature  may  be  accompanied  by  considerable 
variations  in  the  masses  of  the  components  of  blood  as 
well  as  by  those  changes,  dependent  upon  variations  of 
the  solubility  of  gases  and  of  chemical  affinities,  to  which 
the  variations  in  our  two  turtle  blood  nomograms  are  to 
be  ascribed.  The  measurements  of  Austin  are  not  suffi- 
ciently extensive  to  enable  us  to  analyze  the  phenomenon 
in  detail ;  but  they  show  that  change  of  temperature  in  an 
organism  is  not  less  important  than  those  physiological 
and  pathological  variations  which  we  have  studied  in 
this  book.  On  thermodynamical  grounds  the  fact  is  not 
difficult  to  understand,  and  its  biological  implications  are 
manifest. 

In  the  above  discussion  specific  differences  in  hemo- 
globins have  been  disregarded.  Such  differences,  however, 
exist141  and  must  be  taken  into  account  as  comparative 
studies  are  extended. 

In  many  invertebrates  blood  contains  no  cells  that  take 
part  in  the  respiratory  activity  and  in  such  forms  the 
copper  protein  compound,  hemocyanin,  is  far  more  com- 
mon than  hemoglobin  as  the  oxygen  carrier.  The  proper- 
ties of  several  varieties  of  such  blood  have  been  carefully 
studied  by  Redfield  and  his  associates  as  well  as  by  other 
investigators.142  In  the  absence  of  cells  the  system  may  be 
regarded  as  possessing  but  a  single  phase  and,  under 
these  circumstances,  it  is  possible,  in  a  first  approxima- 
tion, to  neglect  the  presence  of  chlorides.  Thus  the  com- 

140  Austin,  Sunderman,  and  Carnack,  Journal  of  Biological  Chemis- 
try, LXXII,  677  (1927). 

141  Hastings,  Van  Slyke,  Neill,  Heidelberger,  and  Harington,  Journal 
of  Biological  Chemistry,  LX,  89  (1924). 

142  Cf.  Redfield,  Coolidge,  and  Hurd,  Journal  of  Biological  Chemis- 
try, LXIX,  475  (1926). 
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ponents  of  the  system  may  be  taken  as  five :  water,  car- 
bon dioxide,  oxygen,  base,  and  protein.  The  absence  of 
cells  obviates  all  the  complications  of  treatment  asso- 
ciated with  the  heterogeneous  equilibrium  and  the  Gibbs- 
Donnan  law.  Otherwise  the  chief  differences  in  this  case 
depend  upon  the  differences  in  properties  of  the  various 
hemocyanins  and  of  the  hemoglobins. 

The  hemocyanins  of  different  species  appear  to  differ 
widely  in  physico-chemical  properties,  though  they  are 
perhaps  all  alike  in  combining  with  oxygen  in  the  pro- 
portion of  two  atoms  of  copper  to  one  molecule  of  oxygen. 
These  compounds,  like  oxyhemoglobin,  are  dissociable 
and  the  equilibrium  between  oxygen  and  hemocyanin  may 
be  represented  by  curves  which  are  unmistakably  similar 
in  character  to  oxyhemoglobin  dissociation  curves.  The 
affinities  for  oxygen  are  very  variable  from  species  to 
species  and  this  variation  seems  to  be  an  adaptation  to 
the  conditions  of  life  similar  to  that  observed  by  Krogh 
and  Leitch143  in  certain  species  of  fishes.  In  this  respect, 
the  contrast  is  great  between  the  horseshoe  crab,  Limulus 
polyphemus,  and  the  squid,  Loligo  pealii.  The  horseshoe 
crab  is  a  bottom  form  which  often  half  buries  itself  when 
in  shallow  water  so  that  it  may  be  uncovered  at  low  tide. 
Under  these  circumstances  the  partial  pressure  of  oxygen 
probably  falls  very  low.  The  squid  is  a  pelagic  form 
which,  so  far  as  known,  never  leaves  an  environment 
where  the  partial  pressure  of  oxygen  is  close  to  that  of 
the  atmosphere.  Also  the  horseshoe  crab  is  inactive,  the 
squid  one  of  the  most  active  of  marine  invertebrates. 
Figures  208  and  209  give  Redfield's  oxygen  dissociation 
curve  of  the  bloods  of  these  two  forms  and  clearly  show 
that  in  the  horseshoe  crab  a  supply  of  oxygen  at  low  pres- 
sure, corresponding  to  the  inactive  existence  in  the  ab- 
sence of  an  ample  reserve,  is  afforded.  In  the  squid  the 
supply  is  at  a  much  higher  pressure  and  this  is  more 
suitable  to  an  active  existence,  but  it  greatly  increases  the 
risk  of  anoxemia. 

143  Krogh  and  Leitch,  Journal  of  Physiology,  LII,  288  (1919). 
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The  studies  of  Parsons  and  Parsons,144  of  Collip145  and 
of  Redfield  and  his  associates146  show  that  hemocyanin  is 
the  principal  factor  beside  carbonic  acid  and  base  in  the 
transport  of  carbon  dioxide  in  the  blood  of  these  forms  of 
animals.  Therefore,  it  is  possible  once  more  to  represent 
the  conditions  approximately  by  the  simple  reaction 

BP  +  H2C03  =  BHCO3  +  HP. 

Redfield 's  carbon  dioxide  dissociation  curves  for  the  blood 
of  the  horseshoe  crab,  of  the  squid,  and  of  a  marine  gas- 
tropod, Busycon  canaliculatum,  are  given  in  figure  210. 

In  the  squid,  variation  in  partial  pressure  of  carbon  di- 
oxide is  accompanied  by  a  change  in  equilibrium  between 
oxygen  and  hemocyanin  and  this  change  is  similar  to  that 
of  the  equilibrium  between  oxygen  and  hemoglobin  in 
man.  The  facts  are  represented  in  the  customary  manner 
on  Redfield  *s  dissociation  curve,  figure  209.  He  has  dis- 
cussed them  as  follows:  "Not  only  does  the  addition  of 
carbon  dioxide  diminish  the  affinity  of  this  blood  for  oxy- 
gen, thus  shifting  the  curves  to  the  right,  but  it  does  so  in 
a  degree  unequalled  in  any  other  blood  concerning  which 
we  have  knowledge.  An  examination  of  these  curves  makes 
it  clear  why  squid  blood  becomes  colorless  when  shaken 
with  alveolar  air.  We  have  observed  that  six  per  cent  of 
carbon  dioxide  will  decolorize  this  blood  even  in  the  pres- 
ence of  an  atmosphere  of  oxygen.  Loligo  blood  is  well 
buffered  at  low  carbon  dioxide  tensions,  as  we  shall  show. 
The  magnitude  of  the  carbon  dioxide  effect  consequently 
cannot  be  attributed  to  any  exceptional  action  of  carbonic 
acid  in  changing  the  hydrogen  ion  concentration  of  the 
blood.  Rather  it  must  be  due  to  a  characteristic  property 
of  the  Loligo  hemocyanin  itself." 

144  Parsons  and  Parsons,  Journal  of  General  Physiology,  VI,  153 
(1923-1924). 

145  J.  B.  Collip,  Journal  of  Biological  Chemistry,  XLV,  23  (1920- 
1921). 

146  Redfield,  Coolidge,  and  Hurd,  Journal  of  Biological  Chemistry, 
LXIX,  475  (1926). 
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Carbon  Dioxide  Dissociation  Curves:  Bloods  of  Horseshoe  Crab, 
Squid,  and  Busycon 


Long  ago  it  was  suggested  by  Rona  and  Ylppo147  that 
the  carbonic  acid  effect  upon  hemoglobin  might  be  re- 
versed in  acid  solutions  and  recently  the  fact  has  been 
observed  at  the  Harvard  Medical  School  by  Ferry  and 
Green.  In  Limulus,  however,  and  in  Busycon,  even  under 
normal  conditions  increase  of  pressure  of  carbon  dioxide 
is  accompanied  by  increase  of  affinity  of  hemoglobin  for 
oxygen.  The  observations  of  Redfield,  Coolidge,  and  Hurd 
on  Busycon  are  given  in  figure  211. 

The  reciprocal  effect  of  oxygen  on  carbonic  acid  equi- 
librium has  also  been  studied  by  Redfield,  Coolidge,  and 
Hurd.  This  is  shown  in  figures  212  and  213. 

The  peculiarities  of  the  hemocyanins  that  are  here  in 

147  Rona  and  Ylppo,  Biochemische  Zeitschrift,  LXXVI,  187  (1916). 
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question  may  perhaps  lead  to  an  explanation  of  that 
chemical  problem,  which  in  the  case  of  hemoglobin,  has 
long  baffled  all  investigators.  Redfield  has  already  suc- 
ceeded in  showing  the  dependence  of  the  variation  of  af- 
finity for  oxygen  with  hydrogen  ion  concentration  upon 
the  acid  and  basic  properties  of  the  several  molecular 
species  of  hemocyanin  and  of  hemoglobin.  His  results  are 
given  in  figure  214.  From  this  point  it  can  hardly  be  a 
long  step  to  the  complete  theoretical  elucidation  of  oxy- 
gen dissociation  curves. 
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Fig.  213 
The  Oxygen  Effect  in  Busycon  Blood 


In  these  chapters,  it  has  not  been  our  aim  to  carry  the 
theoretical  physico-chemical  treatment  beyond  the  point 
judged  necessary  for  the  interpretation  of  the  physiologi- 
cal facts.  We  may,  accordingly,  pass  over  this  interesting 
chemical  problem  and  turn  to  the  description  of  the  whole 
physico-chemical  system  of  these  types  of  blood. 

Figure  215  gives  Redfield 's  approximate  estimate  of 
the  properties  of  the  blood  of  Busycon  for  which  the  usual 
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Oxygen  Affinity  and  Acid-Base  Properties  of  Hemocyanins  and 
Hemoglobin 
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carbonic  acid  effect  is  reversed.  Figure  216  presents  a 
more  exact  description  of  the  blood  of  Loligo.  Tables  84 
and  85  complete  the  description. 


To+al    Ox^qe 


£0  30  4-0     GO\100\I50 

Oxygen    pressure  50  itO 

Fig.  216 

Blood  of  Loligo 


TABLE  84. 
Busycon. 
A 

BHC03 ,  mm  per  1 5.61 

BHCO3 ,  vol.  per  cent 12.5 

H2C03 ,  mm  per  1 0.11 

H2C03 ,  vol.  per  cent  0.25 

Total  C02 ,  niM  per  1 5.72 

Total  C02,  vol.  per  cent 12.8 

Free  02 ,  niM  per  1 0.07 

Free  02 ,  vol.  per  cent 0.16 

Combined  02 ,  niM  per  1 1.09 

Combined  02 ,  vol.  per  cent 2.44 

Total  02 ,  mm  per  1 1.16 

Total  02 ,  vol.  per  cent 2.6 

pC02 ,  mm.  Hg  2.0 

p02 ,  mm.  Hg 36 

pH    7.966 


V 

A 

6.21 

+0.60 

13.9 

+1.4 

0.18 

+0.07 

0.40 

+0.15 

6.39 

+0.67 

14.3 

+1.5 

0.01 

-0.06 

0.02 

-0.14 

0.39 

-0.70 

0.88 

-1.56 

0.40 

-0.76 

0.9 

-1.7 

3.3 

+1.3 

6 

-30 

7.793 

-0.173 
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TABLE  85. 

Loligo. 

A 

BHCOg,  mm  perl 1.62 

BHCO3 ,  vol  per  cent 3.63 

H2C03 ,  mm  per  1 0.16 

H2C03 ,  vol  per  cent  0.36 

Total  C02 ,  mm  per  1 1.79 

Total  CO~,  vol  per  cent  4.0 

FTee  02 ,  mm  per  1 0.23 

Free  02 ,  vol  per  cent 0.51 

Combined  02.  mm  per  1 1.33 

Combined  02 ,  vol.  per  cent 2.98 

Total  02 ,  mm  per  1 1.56 

Total  02 ,  vol.  per  cent 3.5 

pC02 ,  mm.  Hg 3 

p00 ,  mm.  Hg 115 

pH" 7.251 


The  facts  here  presented  are  too  few  and  too  fragmen- 
tary to  enable  us  to  survey  the  extensive  problem  of  the 
blood  of  lower  organisms.  Yet  it  is  already  evident  that 
existing  methods  are,  on  the  whole,  sufficient  for  the  pur- 
pose. The  study  of  human  blood  has  overcome  most  of  the 
difficulties  and  the  opportunity  for  a  rational  treatment 
of  the  blood  of  other  forms  is  open  to  any  skilful  experi- 
menter. 
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CHAPTER  XII 
CIRCULATORY  ADAPTATIONS 

THE  variations  in  the  composition  of  the  blood  de- 
scribed in  the  three  preceding  chapters  are  asso- 
ciated with  variations  in  the  circulation  and  in 
other  physiological  processes.  In  Chapter  VIII  the  nature 
of  such  interrelations  was  discussed  from  a  theoretical 
standpoint,  and  it  now  remains  to  study  the  facts  which 
bear  upon  this  question.  A  long  series  of  experiments  by 
Bock,  Field,  Dill,148  and  others  at  the  Massachusetts  Gen- 
eral Hospital  and  more  recently  in  the  Harvard  Fatigue 
Laboratory  will  enable  us  to  introduce  certain  novel  con- 
siderations into  the  discussion.  But  the  treatment  must  at 
best  be  fragmentary  for,  on  the  whole,  this  subject  has 
been  surveyed  less  completely  than  that  of  the  compara- 
tive physiology  of  blood. 

We  have  seen  that  the  rate  of  blood  flow  (BF  measured 
in  liters  per  minute)  is  a  function  of  the  composition  of 
the  blood,  of  the  metabolic  rate,  and  of  many  other  vari- 
ables. Among  these  is  posture,  and  with  this  we  may  begin 
our  exposition.  It  is  well  known  that  variations  of  venous 
pressure  in  an  extremity  are  accompanied  by  changes  in 
the  composition  of  the  blood  and  in  the  rate  of  its  return 
to  the  heart.  The  experiments  of  Bock  and  Field,  of  Miss 
Turner,149  and  of  Thompson,  Thompson,  and  Dailey150a 

148  Bock  and  Field,  Journal  of  Biological  Chemistry,  LXII,  269 
(1924-1925) ;  Dill,  Hurxthal,  van  Caulaert,  Foiling,  and  Bock,  Journal 
of  Biological  Chemistry,  LXXIV,  303  (1927) ;  Dill,  Lawrence,  Hurx- 
thal, and  Bock,  Journal  of  Biological  Chemistry,  LXXIV,  313  (1927) ; 
and  unpublished  work. 

149  A.  H.  Turner,  American  Journal  of  Physiology,  LXXX,  601 
(1927). 

150a  Thompson,  Thompson,  and  Dailey,  Proceedings  National 
Academy  of  Sciences,  XIV,  94  (1928). 
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have  added  the  proof  that  changes  in  posture  produce 
similar  effects.  A  mere  change  from  the  recumbent  to  the 
sitting  position  is  accompanied  by  marked  diminution  in 
blood  flow,  while  change  from  the  recumbent  position  to 
the  standing  still  position  may  reduce  the  blood  flow  one- 
half,  say  from  eight  to  four  liters  per  minute.  This  effect 
is  much  diminished  by  even  slight  movements  of  the  legs, 
and  is  at  least  partly  dependent  upon  the  effect  of  gravity 
on  venous  pressure  in  the  lower  portions  of  the  body  and 
on  the  consequent  diminution  of  the  "venous  return"  to 
the  heart.  When  the  standing  still  position  is  carefully 
maintained  for  more  than  a  few  minutes,  the  legs  swell 
and  a  marked  feeling  of  distress  arises.  It  is  rare  that  the 
position  can  be  maintained  for  30  minutes  before  fainting 
ends  the  experiment.  The  observations  of  Thompson  sug- 
gest that  the  effect  of  gravity  extends  to  the  capillaries 
and  prove  that,  under  these  conditions,  the  composition 
of  the  blood  changes  greatly. 

Table  86  gives  average  values  for  the  composition  of 
the  blood  in  the  four  subjects  most  completely  studied  by 
Thompson.  The  first  row  of  figures  describes  the  condi- 
tions of  the  blood  while  the  subject  is  in  the  recumbent 
position,  and  the  second  row  gives  the  corresponding 
values  for  the  condition  after  nearly  a  half  hour  of  stand- 
ing still.  At  this  point,  the  total  blood  plasma  of  the  body 
has  diminished  by  290  cc.  or  nearly  12  per  cent,  while  the 
total  volume  of  cells  in  the  blood  has  remained  constant. 
Thus  the  whole  volume  of  blood  in  the  body  has  decreased 
about  seven  or  eight  per  cent,  while  the  concentration  of 
red  cells  has  risen  about  three  per  cent  and  the  red  count 
has  also  increased.  Meanwhile,  the  plasma  has  become  a 
more  concentrated  solution  with  an  increase  in  protein 
concentration  and  a  corresponding  decrease  in  the  con- 
centration of  water.  Accompanying  these  variations  is  a 
rise  of  the  specific  gravity  of  the  plasma. 

These  facts  may  be  explained  by  the  hypothesis  that 
there  has  occurred  a  net  loss  of  290  cc.  of  protein  free 
fluid  from  the  blood  with  no  other  important  change,  a 
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view  which  is  supported  by  the  swelling  of  the  legs,  by 
consideration  of  the  probable  effect  of  gravity,  and  by  the 
fact  that  a  half  hour  in  the  recumbent  position  suffices  to 
reverse  all  changes. 

When  the  state  of  the  body  changes,  it  is  rare  that  the 
facts  can  be  so  simply  interpreted  and  even  muscular  ac- 
tivity in  normal  subjects  presents  a  far  more  intricate 
problem.  The  studies  of  this  subject  to  which  we  shall 
now  turn  have  to  do  with  the  physiological  changes  in 
several  normal  men  while  riding  a  stationary  bicycle.  The 
observations  were  all  made  when  an  approximately  sta- 
tionary state  had  been  reached  during  the  period  of  about 
20  minutes  following  the  first  five  minutes  of  uniform 
work. 

The  subjects  of  these  experiments  are  four  men:  De 
Mar,  the  marathon  runner,  age,  39 ;  height,  163  cm. ; 
weight,  61.5  kg. ;  vital  capacity,  5500  cc,  who,  for  the  past 
20  years,  has  continuously  maintained  a  state  of  physical 
training  involving  great  muscular  activity ;  and  three  per- 
sons of  sedentary  habits,  D.B.D.,  age,  35 ;  height,  180  cm. ; 
weight,  71.5  kg. ;  vital  capacity,  4700  cc. ;  A.V.B.,  age,  38 ; 
height,  177  cm. ;  weight,  fl1/^  kg. ;  vital  capacity,  4200  cc. ; 
and  C.V.C.,  age  25 ;  height,  163  cm. ;  weight,  59  kg. ;  vital 
capacity,  3800  cc.  All  are  healthy  men,  free  from  known 
disabilities,  but  they  vary  greatly  in  capacity  to  do  mus- 
cular work  and  this  capacity  may  perhaps  be  graded  in 
the  order  in  which  the  subjects  are  mentioned  above  as : 
Very  great,  great,  small,  and  very  small.  This  wide  indi- 
vidual variation  has  been  an  advantage  in  the  prosecution 
of  the  work. 

The  experiments  on  De  Mar  cover  a  period  of  two 
weeks,  those  on  D.B.D.  and  A.V.B.  six  months,  those  on 
C.V.C.  about  six  weeks.  In  the  case  of  De  Mar,  the  experi- 
ments were  performed  before  breakfast,  in  the  other 
cases,  usually  one  to  three  hours  after  breakfast.  There  is 
a  good  deal  of  fluctuation  in  the  experimental  data  which 
may  be  fairly  attributed  to  uncontrolled,  and  perhaps  un- 
controllable, slight  fluctuations  in  the  state  of  the  organ- 
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ism.  The  extent  of  this  fluctuation  may  be  judged  from 
inspection  of  figure  217,  on  which  are  recorded  all  esti- 
mates of  venous  saturation,  pulse  rate,  ventilation,  and 
blood  flow  as  functions  of  metabolic  rate  in  the  case  of 
D.B.D.  For  this  subject  measurements  are  the  most  nu- 
merous. In  each  experiment  on  all  four  subjects  work  was 
maintained  at  a  nearly  constant  level  for  a  period  rang- 
ing from  a  few  minutes  to  an  hour.  All  measurements,  in- 
cluding numerous  analyses  of  blood  and  especially  esti- 
mates of  the  level  of  the  carbon  dioxide  dissociation 
curves  and  of  the  lactic  acid  content,  indicate  that  after 
a  period  of  two  to  four  minutes  a  nearly  stationary  state 
is  reached  in  De  Mar,  D.B.D.,  and  A.V.B.  In  C.V.C.  it 
seemed  to  be  impossible  to  establish  a  stationary  state  for 
a  considerable  period  at  the  higher  rates  of  metabolism. 

The  results  of  about  90  experiments  are  summarized  in 
tables  87  and  88.  These  tables  are  obtained  from  smooth 
curves  for  all  four  subjects  similar  to  those  of  figure  217 
for  the  case  of  D.B.D.  These  curves  are  drawn  as  follows : 
The  blood  flow  curve  is  a  straight  line  fitted  to  the  data 
by  the  usual  method  of  least  squares.  The  pulse  and  venti- 
lation curves  are  drawn  through  the  experimentally  de- 
termined points  by  inspection.  The  venous  saturation 
curve  is  calculated  from  blood  flow,  metabolic  rate,  and 
oxygen  capacity,  for  the  variations  of  which  a  roughly 
linear  relation  to  metabolic  rate  has  been  found.  This  is 
shown  on  figure  218,  in  such  a  manner,  however,  as  some- 
what to  obscure  the  uniformity  of  variation  of  oxygen 
capacity  with  metabolic  rate  by  the  simultaneous  repre- 
sentation of  the  random  fluctuations  of  day  to  day  in  the 
composition  of  blood  at  rest.  The  similarity  of  the  slopes 
of  the  lines  of  this  figure  is  an  indication  of  the  general 
uniformity  of  the  effect.  The  flatness  of  the  curve  for 
A.V.B.  may  possibly  be  due  to  approach  to  a  limiting 
value. 

Blood  flow,  total  ventilation,  and  pulse  rate  curves  for 
all  four  subjects  are  given  on  figure  219.  Venous  satura- 
tion curves  are  shown  on  figure  220,  curves  for  the  stroke 
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Fig.  218 
Oxygen  Capacity  and  Metabolic  Bate 


volume  of  the  heart  on  figure  221,  and  curves  for  tidal  air 
on  figure  222.  It  is  evident  that,  according  to  these  studies, 
the  output  of  the  heart  throughout  the  interval  2400  > 
MR  >  250  is  approximately  a  linear  function  of  meta- 
bolic rate.  The  average  for  the  four  subjects,  expressing 
both  blood  flow  and  oxygen  consumption  in  liters  per  min- 
ute, is  represented  with  fair  accuracy  by  the  equation : 

BF  =  7MR  +  5, 

and  this  may  be  taken  as  an  estimate  of  the  conditions  in 
most  normal  men. 

The  pulse  rate  is  more  variable  from  case  to  case,  and, 
in  that  of  De  Mar,  the  slow  rate  of  the  athlete,  noted  by 
Y.  Henderson150b  and  others,  is  conspicuous.  On  the  whole 
these  pulse  rates  give  an  excellent  indication  of  the  physi- 
cal efficiency  of  the  four  subjects. 

isob  Henderson,  Haggard,  and  Dolley,  American  Journal  of  Physi- 
ology, LXXXII,  512  (1927). 
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Taking  account  of  the  similarity  of  the  blood  flow  in  all 
four  cases,  it  is  evident  that  the  stroke  volume  of  the  heart 
must  be  especially  dependent  upon  the  pulse  rate,  and 
therefore  variable.  It  will  be  seen  that  for  C.V.C.  the 
stroke  volume  is  but  70  cc.  at  rest  and  rises  to  nearly  95 
cc,  while  for  De  Mar  corresponding  values  are  141  cc.  and 
177  cc.  respectively.  These  measurements  are  consistent 
with  some  of  the  published  measurements  of  the  same 
quantity  and  inconsistent  with  others,  since  physiologists 
have  been  far  from  agreeing  in  this  question.  However, 
in  view  of  the  nature  of  the  experiments  now  in  question, 
and  particularly  of  the  consistency  of  all  the  results,  I 
think  that  they  may  be  regarded  as  not  very  inaccurate. 
It  will  be  borne  in  mind  that  in  two  persons  having  blood 
of  the  same  composition,  especially  the  same  oxygen  ca- 
pacity and  hydrogen  ion  concentration,  the  transport  of 
the  same  quantity  of  oxygen  during  moderate  muscular 
activity  may  be  expected  to  require  the  movement  of 
about  the  same  volume  of  blood.  If  this  be  so,  the  pulse 
rate,  about  which  there  can  be  no  question,  must  be  roughly 
inversely  proportional  to  stroke  volume  for  correspond- 
ing states  in  different  normal  subjects. 

The  total  ventilation  of  the  lungs  is  roughly  the  same 
in  all  four  subjects,  though  in  A.V.B.  the  condition  seems 
to  be  somewhat  anomalous.  This  subject  is  peculiarly  li- 
able to  mountain  sickness,  the  diffusion  coefficient  of  his 
lungs  as  measured  by  Krogh's  method  is  low,  and,  as  the 
tables  show,  his  respiratory  rate  at  rest  is  very  slow.  This 
last  fact  is  perhaps  related  to  the  peculiar  s-shape  of  the 
curve  of  his  tidal  air.  On  the  whole,  respiratory  rate  and 
tidal  air  vary  widely  and  in  a  manner  that  is  hard  to  in- 
terpret. There  is  to  be  noted,  however,  one  striking  uni- 
formity in  the  respiratory  variation  of  all  four  subjects. 
With  increasing  metabolic  rate  the  relative  quantities  of 
oxygen  removed  from  inspired  air  and  of  carbon  dioxide 
added  to  it  both  increase,  pass  through  a  maximum,  and 
then  fall.  These  maxima  occur  in  the  different  subjects  at 
different  metabolic  rates  as  follows : 
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Maximum  of 

Maximum  of 

02  removed 

C02  added 

from  inspired  air 

to  inspired  air 

Metabolic  rate 

Metabolic  rate 

DeMar 

1750 

2000 

D.B.D. 

1350 

1650 

A.V.B. 

1000 

1500 

C.V.C. 

1350 

1500 

The  respiratory  quotients  pass  through  very  similar 
changes  in  all  four  subjects,  but  increase  most  rapidly  in 
C.V.C,  least  rapidly  in  De  Mar,  with  increase  in  metabolic 
rate.  Unlike  the  other  variables  above  considered,  respira- 
tory quotients  manifest  certain  characteristic  changes  as 
the  experiment  is  prolonged.  For  a  period  slightly  less 
than  a  half  hour  the  values  observed  are  those  recorded 
in  the  table,  thereafter  a  gradual  fall  occurs.  This  fact, 
mentioned  in  an  earlier  chapter,  has  now  been  fully  es- 
tablished by  several  careful  experiments  and  the  results 
of  one  of  them  are  given  in  figure  223.  The  change  is  no 
doubt  associated  with  depletion  of  the  glycogen  supplies 
of  the  body. 
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Extensive  and  remarkably  consistent  observations  of 
this  kind  have  led  Bock  and  Dill  to  the  conclusion,  or 
speaking  more  precisely,  to  the  working  hypothesis  that 
the  changes  of  the  respiratory  quotient  in  work,  after 
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making  proper  allowance  for  the  liberation  of  carbon  di- 
oxide by  the  action  of  acid,  are  due  to  two  processes :  (1) 
Increased  oxidation  of  carbohydrate  in  the  chemical  ac- 
tivities involved  in  the  mechanism  of  muscular  contrac- 
tion and  (2)  increased  formation  of  carbohydrates  from 
other  substances,  or  increase  of  some  other  process  by 
which  other  substances  are  utilized.  They  assume,  fur- 
ther, that  the  first  process  greatly  outruns  the  second 
in  earlier  stages  of  muscular  work,  so  that  the  second  may 
be  entirely  masked,  but  that  the  velocity  of  the  second 
process  probably  increases  as  the  stores  of  glycogen  are 
depleted.  They  assume,  finally,  that  the  rate  of  the  second 
process  is  more  nearly  equal  to  that  of  the  first  process  in 
trained  athletes  and  that  this  explains  their  observation 
that  the  magnitude  of  the  respiratory  quotient  is  a  good 
index  of  performance.  This  hypothesis,  which  is  in  agree- 
ment with  the  views  of  some  other  investigators,  seems  to 
fit  all  the  facts  and,  in  the  first  of  the  alternative  forms, 
it  has  the  advantage  of  avoiding  the  assumption  that  so 
intricate  a  process  as  muscular  contraction  can  take  place 
by  means  of  the  oxidation  of  substances  of  widely  differ- 
ent constitution.  In  view  of  the  history  of  this  question, 
it  is  well,  nevertheless,  still  to  distinguish  carefully  be- 
tween fact  and  hypothesis. 

From  the  standpoint  adopted  in  this  book,  variations 
in  the  oxygen  content  of  venous  blood  are  especially  sig- 
nificant. Inspection  of  the  figures  and  tables  will  show 
that  in  all  four  subjects,  as  metabolic  rate  increases,  oxy- 
gen content  of  venous  blood  falls.  This  fall  is  at  first 
rapid,  later  slow,  and  finally  in  De  Mar,  D.B.D.,  A.V.B., 
it  seems  to  approach  the  limits  of  50  per  cent,  46  per  cent, 
and  46  per  cent  respectively.  In  C.V.C.  there  is  no  definite 
indication  of  a  limit,  probably  because  at  high  rates  there 
is  a  steadily  increasing  acidosis  and  no  stationary  state. 
The  lowest  value  reached  in  this  subject  is  33  per  cent. 

These  variations  of  the  composition  of  mixed  venous 
blood  at  a  metabolic  rate  of  two  liters  of  oxygen  per  min- 
ute are  associated  with  varying  degrees  of  acidosis  in  the 
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four  subjects.  From  analyses  of  samples  of  blood  with- 
drawn during  the  course  of  the  experiments,  the  extent 
of  the  acidosis  may  be  calculated.  The  facts  concerning 
the  values  of  pHs  for  the  arterial  blood  of  the  four  sub- 
jects are  summarized  in  table  89.  These  changes  of  the 
quantity  pHs  may  perhaps  be  regarded  as  the  best  index 
of  the  performance  of  the  four  subjects. 


Subject 

De  Mar  

TABLE  89. 

MR  250 

pHa 
7.42 

MR  2,000 

pHa 

7.40 
7.38 
7.36 

7.27 

ApH8 
0.02 

D.B.D 

A.V.B 

C.V.C 

7.44 

7.45 

7.42 

0.06 
0.09 
0.15 

Taking  account  of  the  variations  in  the  alkalinity  of  the 
blood,  and  of  the  accompanying  changes  in  affinity  for 
oxygen,  it  is  possible  to  calculate  the  value  of  the  pressure 
of  oxygen  in  the  mixed  venous  blood  for  the  condition  of 
work  at  MR  2000  as  follows :  De  Mar,  24.5  mm. ;  D.B.D., 
24.0  mm. ;  A.V.B.,  24.0  mm. ;  C.V.C,  23.0  mm.  Evidently, 
during  work  of  this  intensity,  the  blood  leaving  the  capil- 
lary of  an  active  muscle  contains  oxygen  at  a  nearly  con- 
stant partial  pressure  of  about  20  mm. 

It  will  be  remembered  that  the  difference  in  partial 
pressure  of  oxygen  between  alveolar  air  and  arterial 
blood  is  also  about  20  mm.  In  spite  of  the  difference  in 
conditions  we  may  perhaps  draw  the  conclusion  that  the 
pressure  of  oxygen  in  the  active  muscle  is  nearly  0  and 
that  the  oxidation  processes  of  muscular  activity  take 
place  at  a  concentration  of  free  oxygen  of  the  order  of  not 
more  than  10"5N  —  10~6N.  This  conclusion,  which  seems  to 
rest  upon  a  secure  foundation,  should  be  of  value  in  the 
study  of  the  physico-chemical  processes  in  which  oxygen 
takes  part.  It  is  also  serviceable  as  a  means  of  denning 
the  nature  of  the  diffusion  process. 

Accordingly,  we  may  next  consider  the  mean  head  of 
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oxygen  pressure,  Ap',  in  the  muscle  capillaries.  This  va- 
ries in  the  manner  described  in  Chapter  VIII  with  the 
values  of  pHs.  It  also  varies,  as  also  explained,  with  the 
coefficient  of  utilization  of  oxygen.  Finally,  it  varies  in  a 
manner  not  yet  discussed  with  the  respiratory  quotient. 
The  nature  of  this  variation  mav  be  readilv  understood 
from  a  study  of  any  blood  nomogram.  On  such  a  nomo- 
gram the  scales  of  pHs  and  pHc  form  with  the  arterial  and 
venous  blood  lines  approximately  similar  triangles.  As 
long  as  the  respiratory  quotient  remains  constant,  the 
respiratory  variations  in  values  of  pHc  are  therefore  pro- 
portional to  the  accompanying  variations  in  pH9 .  But,  as 
the  value  of  the  respiratory  quotient  increases,  the  size 
of  the  smaller  triangle  approaches  that  of  the  larger  tri- 
angle and  the  variations  of  pHc  become  larger  relatively 
to  the  variations  of  pHs.  For  a  respiratory  quotient  of 
1.00,  variations  in  pHc  accompanying  a  given  variation  in 
pHs  are  more  than  double  the  variations  for  a  respiratory 
quotient  of  0.80.  Taking  account  of  all  of  these  factors  the 
values  of  ±p',  or  mean  head  of  oxygen  pressure,  for  the 
capillaries  of  active  muscles  in  the  four  subjects  of  these 
experiments  at  MR  2000  are  as  follows :  De  Mar,  45.1 
mm.;  D.B.D.,  45.0  mm.;  A.V.B.,  45.7  mm.;  C.V.C.,  45.7 
mm.  It  is  hardly  possible  that  this  precise  agreement  in 
the  results  of  intricate  calculations  which  involve  nearly 
all  the  theoretical  considerations  discussed  in  earlier 
chapters  is  not  partly  fortuitous.  Nevertheless  there  can 
be  little  room  for  doubt  that  in  the  capillaries  of  the  ac- 
tive muscle  of  a  normal  man  this  value  is  approximately 
constant.  Such  a  result  seems  to  give  veiy  strong  support 
to  the  data  upon  which  it  is  based  and  leads  me  to  believe 
that  the  studies  of  Bock,  Dill,  and  their  associates  can 
hardly  be  affected  with  systematic  errors  of  more  than 
moderate  size  or  with  random  errors  that  are  more  than 
small. 

At  a  metabolic  rate  of  2000  a  value  of  ±p'  of  44  (a  value 
obtained  by  making  a  small  allowance  for  blood  flowing 
through  inactive  parts  of  the  body)  implies  a  diffusing 
capacity  of  about  45,  or  a  diffusing  capacity  per  liter  of 
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oxygen  per  minute  of  22.5.  In  view  of  the  identical  results 
for  all  four  subjects  this  may  be  regarded  as  the  normal 
value  for  active  muscles,  and  it  may  be  assumed  provi- 
sionally that  this  value  depends  upon  a  fairly  exact  regu- 
lation of  the  velocity  of  the  blood  stream  in  the  capillaries 
of  the  muscle,  which  is  probably  of  the  same  order  as  the 
velocity  in  the  capillaries  of  the  lung. 

If  the  above  discussion,  necessarily  hypothetical  in  cer- 
tain respects,  has  not  led  us  into  serious  error,  it  seems 
probable  that,  aside  from  mild  acidosis,  the  properties  of 
blood  in  the  capillaries  of  the  active  muscle  and  also  the 
character  of  its  motion  are  roughly  constant.  I  have  in  the 
past  suggested  this  interpretation  of  the  facts  as  a  work- 
ing hypothesis151  and  now  venture  to  repeat  the  sugges- 
tion. It  must  be  understood,  however,  that  proof  of  the 
theory,  if  indeed  it  can  be  established,  will  involve  much 
further  experimental  work.  For  the  present  too  many  of 
our  variables  remain  inaccessible  to  measurement. 

Not  the  least  important  aspect  of  the  work  of  Bock  and 
Dill  is  the  precise  and  intelligible  definition  of  differences 
between  the  four  subjects  of  their  experiments.  With  the 
exception  of  a  few  features  such  as  the  slow  breathing  of 
A.V.B.  at  rest  and  the  rapid,  shallow  breathing  of  De 
Mar  at  work,  mere  personal  idiosyncrasies  are  inconspicu- 
ous and  all  the  physiological  functions  that  have  been 
studied  vary  in  a  regular  manner  from  case  to  case,  the 
order  of  variaticm  being  invariably  De  Mar,  D.B.D., 
A.V.B. ,  C.V.C.  This  is  clearly  the  order  of  their  ability  to 
perform  muscular  work,  and  with  the  experiments  in  view 
it  would  not  be  difficult  to  assign  to  their  abilities  numeri- 
cal coefficients  in  each  case.  For  the  present,  however,  we 
have  no  immediate  use  for  such  coefficients. 

All  the  differences  between  the  four  subjects  may,  no 
doubt,  be  associated  with  the  differences  in  the  perform- 
ance of  work.  For  example,  there  is  no  reason  to  doubt 
the  great  importance  of  the  differences  in  stroke  volume 
of  the  heart  between  De  Mar  and  C.V.C.  Nevertheless, 

161  Dale,  Drummond,  Hill,  and  Henderson,  Lectures  on  Certain  As- 
pects of  Biochemistry,  London,  1926. 
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under  the  conditions  of  these  experiments,  there  are  no 
signs  of  failure  of  the  heart  to  meet  the  needs  of  the 
organism,  and  the  indications  of  such  failure  seem  to 
be  exclusively  chemical.  In  C.Y.C.,  as  compared  with  De 
Mar,  there  is  striking  inability  to  complete  the  processes 
of  oxidation,  lactic  acid  is  accumulating,  and  the  chemi- 
cal mechanism  of  the  muscle  is  becoming  deranged.  Sec- 
ondlv,  the  values  of  the  respiratorv  quotient  (at  MR 
2000,  for  C.V.C.,  1.02 ;  for  De  Mar,'  0.98 ;  at  MR  1000, 
for  C.V.C.,  0.99;  for  De  Mar,  0.90)  suggest  that  in  C.V.C. 
there  is  also  a  slow  rate  of  production  of  carbohydrate  or 
of  other  materials  for  use  in  the  muscle.  These  facts  have 
led  Bock  and  Dill  to  the  hypothesis  that  in  such  cases  the 
capacity  to  perform  work  depends  upon  the  velocity  of 
the  chemical  reactions  involved  in  these  processes,  and  it 
is  in  this  direction  that  they  look  for  a  clearer  interpreta- 
tion of  the  phenomena  of  training  and  of  fatigue.  Here 
their  studies  come  in  contact  with  those  of  Hill,  of  Meyer- 
hof,  and  of  Fiske. 

Differences  between  individuals,  whether  constitutional 
or  acquired,  are  relatively  small  among  normal  men  and, 
if  we  would  find  the  widest  range  of  variation  in  the 
physiological  activities  discussed  in  this  chapter,  we  must 
look  to  the  clinic,  as  we  did  in  seeking  extreme  variations 
in  the  properties  of  the  blood.  As  yet,  however,  our 
studies  have  not  been  extended  in  this  direction  and  on 
this  subject  little  remains  to  be  considered  beyond  *  hat 
has  been  considered  already  in  Chapter  X.  Nevertheless, 
with  the  changes  of  the  normal  organism  during  muscular 
activity  clearly  defined,  it  becomes  less  difficult  to  define 
the  limitations  imposed  by  pathological  states. 

Let  us  consider  the  obvious  relation  that  metabolic  rate 
is  equal  to  blood  flow  multiplied  by  the  quantity  of  oxygen 
per  liter  of  blood  absorbed  in  the  lung  and  given  off  in  the 
tissue : 

MR  =  BF  X  A02  cc. 

As  the  oxygen  capacity  of  the  blood  varies,  so,  other 
things  being  equal,  does  the  quantity  of  oxygen  (a02  cc. 
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in  Murray  and  Morgan's  notation)  that  can  be  trans- 
ported. Therefore,  within  certain  ranges,  the  maximum 
attainable  metabolic  rate  must  be  more  or  less  propor- 
tional to  the  oxygen  capacity  of  the  blood.  Hence  the  dis- 
ability of  anemia.  There  are  two  important  qualifications 
of  this  statement.  First,  as  oxygen  capacity  increases 
above  the  normal,  a  point  must  be  reached  where  blood 
flow  is  slowed  by  increasing  the  viscosity  of  the  blood. 
This  is  perhaps  one  of  the  limiting  factors  in  the  case  of 
congenital  defect  of  the  heart  presented  in  Chapter  X. 
Hence  we  must  say  that  the  above  equation  holds  even  ap- 
proximately only  at  and  below  the  normal  ranges  of  oxy- 
gen capacity  of  blood.  Secondly,  given  adequate  ventila- 
tion of  the  lung,  which,  as  in  nephritis  and  diabetic  coma, 
may  involve  extreme  respiratory  activity,  the  quantity  of 
oxygen  carried  per  liter  of  blood  increases  with  the 
acidity  of  the  blood,  as  in  the  normal  man,  C.V.C.  And 
also,  as  already  explained,  there  may  be  adaptive  changes 
of  unknown  origin  in  the  affinity  of  hemoglobin  for 
oxygen. 

Perhaps,  in  view  of  these  facts,  we  may  venture  a  hy- 
pothesis that  a  low  grade  of  transitory  acidosis  may  be 
both  effective  in  increasing  the  amount  of  work  that  can 
be  done,  and  otherwise  harmless.  But,  if  we  consider  the 
case  of  nephritis  of  Chapter  X,  it  can  hardly  be  doubted 
that  the  acidosis  is  doing  far  more  harm  than  good.  In 
short,  the  variation  of  A02  cc.  with  constant  oxygen  ca- 
pacity of  blood  is  possible  only  within  certain  limits, 
while  useful  variation  of  this  quantity  is  possible  only 
within  fairly  narrow  limits. 

Bearing  in  mind  the  corrections  that  must  be  applied 
for  acidosis  and  for  otherwise  varying  affinity  of  hemo- 
globin for  oxygen,  it  is  evident  that  the  blood  flow  of  the 
resting  state  must  increase  as  oxygen  capacity  of  blood 
falls.  Thus  an  unavoidable  increase  of  the  work  of  the 
heart  is  necessitated.  For  example,  when  the  oxygen  ca- 
pacity of  the  blood  is  reduced  to  one-fourth  its  normal 
value  the  rates  of  blood  flow  must  be  at  least  nearly 
trebled.  In  simple  anemia  this  is  perhaps  unimportant, 
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but  in  severe  nephritis  it  appears  to  be  a  pathological  fea- 
ture of  considerable  moment.  With  increasing  metabolic 
rate  this  disability  becomes  more  and  more  pronounced 
and,  in  view  of  the  conclusions  reached  in  the  present 
chapter,  it  is  not  difficult  to  see  that  the  case  of  nephritis 
described  in  Chapter  X  presents  a  condition  in  which 
considerable  increase  of  the  metabolic  rate  beyond  that 
of  the  resting  state  is  quite  impossible.  Further  analysis 
of  these  questions  must  await  the  results  of  further  ex- 
perimental observations. 

As  for  the  other  species  of  animals  whose  bloods  are 
described  in  Chapter  XI,  it  must  suffice  to  point  out  that 
similar  treatment  of  the  problems  of  their  circulatory  and 
respiratory  functions  is  possible.  It  may  be  added  that, 
in  the  case  of  the  horse  and  of  mammals  in  general,  simi- 
larity in  composition  of  the  physico-chemical  system 
blood  implies  a  similarity  in  the  properties  of  the  circula- 
tion and  of  the  respiration,  but,  at  the  same  time,  we  must 
remember  that  differences  in  size,  involving  the  applica- 
tion of  the  principle  of  similitude,  greatly  modify  such 
processes  even  when  the  chemical  composition  remains 
unaffected. 

In  the  turtle  differences  in  the  blood  are  associated 
with  differences  in  the  circulatory  apparatus.  As  a  result 
of  our  observations  it  seems  probable  that  for  this  form 
the  flow  of  blood  is  so  adjusted  that  a  portion  of  the  blood 
which  has  passed  through  the  lung  is  mixed  with  venous 
blood  in  the  heart  and  passes  again  through  the  lung, 
while  the  blood  which  enters  the  greater  circulation  from 
the  heart  may  perhaps  be  highly  oxygenated.  Further  ex- 
periments will  be  necessary  to  settle  this  question,  which 
presents  difficulties  for  those  not  well  acquainted  with  the 
anatomical  relations  involved.  Our  observations  at  least 
show  that  the  application  of  modern  methods  of  blood 
analysis  should,  in  the  long  run,  contribute  to  the  prog- 
ress of  the  comparative  physiology  of  the  circulation. 

We  have  now  taken  into  consideration  the  relations  be- 
tween the  respiratory  cycle  of  blood,  the  circulation,  the 
respiration  and  the  function  of  the  muscular   system. 
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These  are  all  quantitatively  large  activities  and  it  is 
partly  because  they  are  large  that  the  mutual  relations  be- 
tween them  may  be  readily  denned  and  theoretically  in- 
terpreted. It  is  also  for  this  reason  that  we  have  chosen 
them  for  investigation.  But  there  are  other  large  physical 
and  chemical  activities  of  the  organism  which  we  have  left 
out  of  account.  Among  these  is  the  formation  of  urine.  I 
have  in  the  past  discussed  the  theory  of  the  regulation  of 
the  acid-base  equilibrium  of  the  body  by  means  of  varia- 
tion of  renal  action152  and  the  phenomena  were  extensively 
studied  by  Palmer  and  myself.153  Recently  this  question 
has  received  much  attention  and  in  particular  the  re- 
searches of  Gamble154  have  greatly  extended  our  knowl- 
edge of  inorganic  and  acid-base  metabolism.  It  is  not  dif- 
ficult to  see  that  the  activities  here  in  question  may  be 
correlated  by  means  of  suitable  experiments  with  the 
other  physiological  activities  discussed  in  this  book.  Thus, 
and  by  similar  means,  it  will  be  possible  to  broaden  the 
scope  of  our  physiological  synthesis. 

But,  before  the  subject  of  the  present  chapter  can  be 
treated  on  the  same  scale  and  with  the  same  precision  that 
are  now  possible  in  the  exposition  of  the  physico-chemical 
properties  of  blood,  there  will  be  required  not  only  a 
broadening  of  the  scope  of  experimentation  to  include  the 
activity  of  the  kidney  and  other  functions,  but  also  a  far 
more  detailed  investigation  of  the  mutual  relations  of  cir- 
culation, respiration,  and  metabolism  in  pathological  con- 
ditions and  in  other  species. 

152  L.  J.  Henderson,  Journal  of  Biological  Chemistry,  IX,  403 
(1911). 

153  Palmer  and  Henderson,  Archives  of  Internal  Medicine,  XII,  153 
(1913) ;  Henderson  and  Palmer,  Journal  of  Biological  Chemistry,  XIII, 
393  (1913);  Henderson  and  Palmer,  Journal  of  Biological  Chemistry, 
XIV,  81  (1913). 

154  J.  L.  Gamble,  S.  G.  Ross,  and  F.  F.  Tisdall,  Journal  of  Biological 
Chemistry,  LVII,  633  (1923);  J.  L.  Gamble,  K.  D.  Blackfan,  and 
B.  Hamilton,  Journal  of  Clinical  Investigation,  I,  359  (1928) ;  J.  L. 
Gamble  and  S.  G.  Ross,  Journal  of  Clinical  Investigation,  I,  403  (1925) ; 
J.  L.  Gamble  and  B.  Hamilton,  Bulletin  of  Johns  Hopkins  Hospital, 
XLI,  389  (1927). 


CHAPTER  XIII 
CONCLUSION 

THE  inquiry  brought  to  an  end  in  the  last  chapter 
has  proceeded  by  stages  as  follows :  In  the  begin- 
ning we  made  an  inventory  of  those  aspects  of  gen- 
eral physiology  to  which  the  respiratory  activity  of  blood 
is  unmistakably  related.  Next,  we  denned  the  chemical 
composition  of  blood  in  such  a  way  that  a  quantitative 
though  roughly  approximate  study  of  the  physico-chemi- 
cal system  should  be  possible.  There  followed  a  considera- 
tion of  the  partial  activities  that  have  been  heretofore  rec- 
ognized in  the  system  and  a  nomographical  synthesis  of 
these  parts  into  a  description  of  the  conditions  of  equilib- 
rium in  a  single  specimen  of  blood.  The  nomogram  thus 
obtained  was  then  utilized  to  define  and  to  analyze,  per- 
haps in  excessive  detail,  the  respiratory  cycle  of  the 
blood.  Thereafter  it  became  possible  to  take  account  of 
the  relations  between  the  properties  of  the  blood  and  its 
cycle,  on  the  one  hand,  and  those  of  the  respiration  and 
circulation,  on  the  other  hand.  The  rest  of  the  study  is 
comparative ;  it  comprises,  first,  the  quantitative  descrip- 
tion of  the  physico-chemical  system  in  rest  and  work,  in 
health  and  disease,  and  from  species  to  species ;  secondly, 
a  corresponding  description  of  the  respiratory  cycle  of 
blood ;  and  thirdly,  a  description  of  the  mutual  depend- 
ence of  the  properties  of  blood  and  of  the  circulation,  res- 
piration, and  metabolism. 

The  important  features  of  this  treatment  of  the  prob- 
lem are  three :  It  is  approximate,  quantitative,  and  syn- 
thetic. First,  it  is  approximate.  This  depends  not  only 
upon  the  inaccuracies  of  experimental  measurement,  but 
also  upon  deliberate  neglect  of  variables  that  are  known 
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to  be  involved  in  the  phenomena,  snch  as  phosphates  as 
components  of  the  physico-chemical  system,  the  exchange 
of  other  components  beside  oxygen  and  carbon  dioxide  in 
the  capillaries  as  a  part  of  the  respiratory  cycle,  and  the 
activity  of  the  kidneys  associated  with  the  activities  of 
the  heart,  the  lungs,  and  the  mnscles.  In  physiology  such 
simplifications  are  indispensable,  except  in  rare  instances 
when,  as  is  generally  the  case  in  physics  and  chemistry,  it 
is  possible  to  eliminate  the  variables  experimentally.  The 
resulting  inaccuracy  is  a  small  price  to  pay  in  order  to 
achieve  the  simplification.  This  is,  in  fact,  the  necessary 
condition  for  quantitative  treatment  of  the  phenomenon. 

The  history  of  this  branch  of  physiology  illustrates  the 
point.  Thus  equilibrium  between  carbonic  acid  and  blood 
was  first  described  by  means  of  a  single  carbon  dioxide 
dissociation  curve,  and  the  facts  concerning  the  hetero- 
geneous equilibrium  between  cells  and  plasma,  though 
well  known,  were  neglected.  Later  it  became  possible  to 
add  a  consideration  of  the  acid-base  equilibrium  and  of 
hydrogen  ion  concentration.  This  was  followed  by  dis- 
covery of  the  effect  of  oxygenation,  and  the  single  curve 
became  a  family  of  curves.  At  length  the  construction  of 
a  nomogram  made  possible  the  simultaneous  considera- 
tion of  all  the  first  order  physico-chemical  variables,  in- 
cluding those  of  the  previously  neglected  heterogeneous 
equilibrium.  At  this  stage  the  variable,  time,  made  its  ap- 
pearance and  the  main  features  of  the  carbonic  acid  cycle, 
previously  only  guessed  at,  were  defined.  Moreover,  since 
the  nomogram  existed,  these  features  were  defined  as 
parts  of  the  cycle  of  the  complete  physico-chemical  sys- 
tem. Finally,  the  changes  of  the  carbonic  acid  equilibrium 
of  the  blood  which  accompany  fatigue  or  arise  in  diabetic 
coma,  nephritis,  anemia,  and  other  conditions,  and  which 
had  never  been  clearly  related  to  many  of  the  other  fac- 
tors of  the  physiology  of  blood,  were  added  to  the  de- 
scription. 

Thus  a  synthesis  was  gradually  attained,  for  the  third 
feature  of  the  present  treatment  is  the  result  of  the  sec- 
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ond,  because  a  description  of  a  system  in  which  there  oc- 
cur many  variables  in  a  state  of  mutual  dependence  be- 
comes possible,  but  becomes  possible  only  with  the  help 
of  mathematics.  Otherwise  it  is  not  feasible  even  to  begin 
to  think  about  the  system  as  a  whole,  while  the  study  of 
the  parts  is,  in  general,  both  difficult  and  misleading.  A 
clear  explanation  of  this  important  fact  may  be  found  in 
the  following  words  of  Pareto  :155  ' ' .  .  .  one  of  the  nu- 
merous cases  where  mathematical  language  makes  possi- 
ble precision  and  rigor  which  cannot  be  attained  by  the 
use  of  ordinary  language. 

"Let  x,  y,  .  .  .  s,  u,  v ,  .  .  .  be  indices  of  the  magnitudes 
of  A,  B,  C,  .  .  .  ;  the  relations  between  A,  B,  C,  .  .  .  are 
given  by  certain  equations : 

(1)     <f>x(x,y9  .    .    .)  =  0,      <t>2(x,y,  .    .    .)  =  0,  .    .    . 

All  these  quantities  x,  y,  .  .  .  may  be  functions  of  the 
time,  t,  which  may  also  appear  explicitly  in  the  system  of 
equations  (1).  This  system,  if  we  suppose  time  variable, 
represents  the  relations  of  A,  B,  C,  .  .  . ,  and  the  evolu- 
tion of  these  relations.  It  is  only  knowledge,  even  very 
vague  and  very  imperfect  knowledge,  of  the  system  (1) 
of  equations  which  enables  us  to  have  any  knowledge 
whatever  of  the  relations  and  of  their  evolution.  Most 
authors  do  not  perceive  this  fact,  and  ignore  the  very 
existence  of  the  system  of  equations,  but  that  does  not 
prevent  their  reasonings  from  taking  this  system  as  a 
premise,  without  their  knowing  it. 

"If  one  supposes  the  equations  of  the  system  (1)  to  be 
in  number  equal  to  the  number  of  unknowns  the  latter  are 
[in  general]  all  determined.  If  one  supposes  that  the 
equations  are  less  in  number,  which  amounts  to  suppress- 
ing by  hypothesis  certain  conditions  that  really  exist,  it 
is  possible  to  take  as  independent  variables  s,  u,  v,  .  .  . 
in  number  equal  to  the  number  of  equations  suppressed 
and  to  suppose  that  x,  y,  .  .  .  are  functions  of  these  inde- 

155  V.  Pareto,  Traite  de  Sociologie  Generate,  II,  1288-1290,  note, 
Lausanne  and  Paris,  1919. 
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pendent  variables.  If  we  differentiate  the  equations  (1) 
with  respect  to  the  independent  variables,  we  shall  have 
the  system 


(2) 


-f±  dx  +  -^-  &y  =  0 
dx       ^  dy    * 

.  =  1,2,.  .  . 


The  total  differentials  d#,  di/,  .  .  .  represent  virtual 
movements  which  take  place  if  one  supposes  that  the  in- 
dependent variables  s,u,  v,  .  .  .  change  into  s  +  ds,  u  + 
du,  .  .  .  These  virtual  movements  are  determined  by  the 
equations  (2). 

"From  the  mathematical  point  of  view  the  systems  (1) 
and  (2),  or  those  into  which  they  may  be  supposed  trans- 
formed, are  equivalent.  One  passes  from  the  first  to  the 
second  by  differentiation,  from  the  second  to  the  first  by 
integration.  Often  the  second  system  is  easier  than  the 
first  to  establish  directly. 

"Whoever  ignores  everything  of  one  or  the  other  of 
these  two  systems  ignores  also  the  relations  that  A,  B,  C, 
.  .  .  can  assume.  Whoever  knows  something  of  these  re- 
lations knows  by  that  very  fact  something  of  the  systems 
(1)  and  (2).  .  .  . 

"If  there  is  but  a  single  independent  variable,  s,  this 
very  generally  is  named  the  cause  of  the  effects,  x,y,  .  .  . , 
and  the  increment,  ds,  is  said  to  be  the  cause  of  the  virtual 
movements,  dx,  dy,  .  .  .  When  one  considers  only  the  re- 
lations of  cause  and  effect  one  operates,  from  the  mathe- 
matical point  of  view,  by  reducing  systems  (1)  and  (2) 
to  the  following  or  to  other  equivalent  systems : 

(3)     <f>1(x,s)  =  0,       <f>2(y,s)  =  0,   .    .    . 

These  two  systems  of  equations  are  easier  to  treat  than 
systems  (1)  and  (2),  either  in  ordinary  language  or  even 
by  means  of  mathematics.  It  is,  therefore,  advantageous 
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whenever  possible  to  substitute  them  for  systems  (1)  and 
(2).  Cases  exist  where  one  reaches  in  this  manner  at  least 
a  grossly  approximate  solution  of  the  problem  that  one 
has  undertaken  to  solve.  In  other  instances  this  is  im- 
possible, and  then  the  substitution  of  systems  (3)  and  (4) 
for  systems  (1)  and  (2)  cannot  take  place,  for  it  would 
lead  to  results  having  nothing  to  do  with  reality. 

'  *  From  the  mathematical  point  of  view  it  is  well  known 
that  the  integration  of  system  (2)  does  not  simply  repro- 
duce system  (1),  but  yields  very  much  more  extensive  so- 
lutions, among  which  system  (1)  is  comprised.  In  order 
to  determine  system  (1)  completely  it  is,  therefore,  neces- 
sary to  add  other  considerations.  In  like  manner  the  inte- 
gration of  system  (4)  not  only  reproduces  system  (3),  but 
also  introduces  arbitrary  constants  which  must  be  deter- 
mined from  other  considerations.  This  is  a  very  general 
phenomenon  in  the  application  of  mathematics  to  concrete 
facts.  Even  in  the  elements  of  algebra,  when  the  solution 
of  a  problem  is  given  by  an  equation  of  the  second  degree, 
there  is  often  one  root  which  suits  the  problem  while  the 
other  does  not,  and  must  be  rejected." 


As  a  result  of  the  absence  of  metabolic  activity  in  ordi- 
nary human  blood  and  of  the  gaseous  nature  of  oxygen 
and  carbon  dioxide,  it  has  been  possible  to  push  the  re- 
searches described  in  these  chapters  much  farther  than 
is  ordinarily  possible  in  the  physiological  laboratory.  It 
is  for  this  reason  that  at  present  there  exists  no  other  de- 
scription of  physiological  integration  on  so  large  a  scale. 
But  the  present  synthesis  is  still  very  imperfect.  Let  us 
seek  to  make  this  clear  by  a  single  illustration.  Through- 
out these  chapters  we  have  adopted  the  approximation 
that  all  mammalian  blood  may  be  described  (in  respect  of 
those  physiological  functions  to  which  we  have  limited 
our  inquiry)  as  a  system  consisting  of  eight  components. 
Results  have  justified  this  as  a  useful  and  sufficiently  ac- 
curate approximation.  This  being  the  case,  it  is  evident 
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that  the  general  problem  of  comparative  physiology  of 
blood  is  to  be  solved  not  merely  by  the  construction  of  a 
large  number  of  nomograms  in  which  there  are  two  inde- 
pendent variables,  oxygen  and  carbon  dioxide,  but  also 
by  treatment  of  the  single  system  of  eight  components 
and  eight  independent  variables.  From  this  goal  we  seem 
to  be  still  remote,  though  it  is  possible  that  carbon  dioxide 
dissociation  curves  may  yield  to  a  determined  attack 
sooner  than  some  will  expect.  In  this  connection,  it  should 
be  also  remembered  that  the  lack  of  a  direct  method  for 
the  measurement  of  blood  flow  is  a  serious  disadvantage 
and  ignorance  of  oxygen  pressure  in  the  tissues  a  grave 
disability.  For  these  reasons,  many  of  the  discussions  of 
the  preceding  chapters  suffer  from  a  lack  of  precise  in- 
formation. But  there  is  perhaps  no  limit  to  what  may  be 
discovered  by  experiment  and,  though  the  questions  here 
involved  are  often  trivial,  so  long  as  there  are  no  other 
means  of  studying  physiological  synthesis  broadly,  even 
trivial  problems  in  this  field  will  assume  special  impor- 
tance for  those  who  are  interested  in  general  physiology, 
and  experimentation  will  continually  yield  new  results. 

The  synthesis  which  we  have  reached  is  not  only  im- 
perfect in  these  respects ;  it  is  also  very  incomplete.  But, 
in  truth,  a  complete  physiological  synthesis  is  quite  in- 
conceivable and  anything  that  might  be  regarded  as  an 
acceptable  approximation  to  a  complete  synthesis  hardly 
less  so.  Nevertheless,  I  think  it  is  evident  that  progress 
has  been  made  toward  understanding  the  mutual  depend- 
ence of  the  quantitatively  large  physiological  processes 
in  normal  man  at  rest  and  at  work.  If  for  disease  the  de- 
scription is  as  yet  even  less  complete,  this  is  due  to  no 
insuperable  difficulties.  Also  there  can  be  no  reason  to  be- 
lieve that  there  is  any  limit  to  progress,  through  the  in- 
troduction of  more  and  more  variables  in  the  analysis  of 
the  facts,  through  increase  in  accuracy  of  experimenta- 
tion, and  through  improvements  in  the  mathematical 
methods,  which  are  at  present,  I  fear,  often  primitive  and 
inadequate. 


CONCLUSION  359 

Although  pathology  has  been  one  of  the  least  of  our 
concerns  in  these  chapters,  I  think  that  the  pathological 
results  of  our  inquiry  are  not  its  least  significant  results. 
The  science  of  pathology  is  notoriously  backward  and 
non-rational.  During  the  epoch  of  pathological  anatomy, 
from  the  taxonomical  period  of  Morgagni  and  his  suc- 
cessors to  the  cellular  period  of  Virchow,  this  science  no 
doubt  held  its  own  with  the  other  medical  sciences,  but, 
upon  the  appearance  of  the  bacteriological  period  in  the 
history  of  pathology,  an  intellectual  decline,  as  I  think  it 
may  be  fairly  regarded,  set  in.  In  accordance  with  the 
simple  views  of  Pasteur,  the  specific  virus  came  to  be  re- 
garded as  the  cause  of  each  infectious  disease  and  this 
view  could  hardly  be  questioned  during  the  time  of  rapid 
progress  in  discovery  of  microorganisms.  The  hypothesis 
is  roughly  correct,  but  it  has  obscured  the  organic  char- 
acter of  disease  and  the  mutual  dependence  of  the  many 
variables  which  must  be  taken  into  account,  if  the  state 
of  the  patient  is  to  be  understood.  Yet  the  facts  can  never 
be  quite  overlooked  by  the  experienced  physician,  for 
whom  the  complex  reality  is  always  present.  This  is  one 
of  the  reasons  for  the  conflict  of  the  laboratory  and  the 
clinic. 

Among  the  results  of  our  present  inquiry  is  the  demon- 
stration that  an  understanding  of  the  mutual  dependence 
of  the  physiological  facts  is  impossible  without  a  mathe- 
matical analysis  based  upon  measurement.  As  we  have 
seen,  even  a  rough  and  extremely  incomplete  synthesis  is 
otherwise  beyond  our  reach,  for  without  mathematics  we 
can  hardly  begin  to  think  about  mutual  relations  between 
more  than  two  or  three  variables.  This  has  long  been 
known  to  the  mathematicians,  for  economics  it  was  fully 
demonstrated  by  the  work  of  Walras  and  explained,  as 
above  set  forth  by  Pareto,  but  even  yet  the  fact  is  hardly 
appreciated  by  physiologists.  The  difficulty  may  be  illus- 
trated, for  anyone  who  is  acquainted  with  the  physiology 
of  respiration,  by  asking  the  question :  What  is  the  course 
of  events  leading  to  death  in  a  man  imprisoned  in  a 
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sunken  submarine  1  From  the  standpoint  of  the  physicist 
no  simpler  modification  of  the  conditions  is  conceivable, 
yet  a  fairly  satisfactory  answer  to  the  question  is  impossi- 
ble. Such  an  answer  is,  however,  not  now  unattainable  and 
further  studies  of  the  mutual  dependence  of  the  proper- 
ties of  the  air,  of  the  blood,  of  the  circulation,  and  of  the 
respiration,  similar  to  those  which  we  have  considered, 
will  yield  an  answer. 

In  disease,  conditions  are  perhaps  no  more  complex, 
since  the  normal  organism  is  as  complex  as  the  diseased 
organism.  Nevertheless,  a  larger  number  of  unknown 
modifications  are  ordinarily  involved  and  the  problem  is 
correspondingly  difficult.  Yet  it  is  unmistakable  that  the 
very  imperfect  descriptions  of  the  state  of  the  organism 
in  nephritis,  in  diabetic  coma,  and  in  other  pathological 
conditions  which  we  have  studied  do  afford  a  different 
kind  of  understanding  of  the  patient  from  that  given  by 
the  usual  studies  of  acidosis,  of  renal  insufficiency,  and  of 
similar  abstractions  of  pathology. 

Here  the  important  consideration  is  not  the  advance 
that  has  been  made,  which  is  small ;  it  is  the  character  of 
this  advance.  We  have  found  that  by  means  of  meas- 
urements and  mathematical  analysis  something  can  be 
learned  of  the  state  of  the  whole  diseased  organism.  Now 
if  something  can  be  learned,  then  much  can  be  learned. 
Therefore,  the  time  must  come  when  the  science  of  patho- 
logical physiology,  conceived  as  the  study  of  the  mutual 
dependence  between  many  variables,  will  afford  descrip- 
tions of  disease  that  partly  meet  the  long-felt  needs  of 
physicians.  It  is  hard  to  believe  that  such  descriptions  can 
ever  be  adequate,  for  they  must  remain  roughly  approxi- 
mate. And  no  doubt  intuition,  as  we  vaguely  say,  must 
forever  serve  the  physician  in  lieu  of  fact,  as  it  served 
Hippocrates.  But,  at  least,  science  and  intuition  will  tend 
to  become  congruent,  and  intuition  more  rational. 

The  French  School  has  lately  devoted  much  labor  to  the 
study  of  regional  geography,  according  to  a  method  which 
may  serve  to  fix  our  ideas.  It  is  recognized  that  a  state  of 
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mutual  dependence  exists  between  such  factors  as  soil, 
relief  and  climate,  means  of  communication,  types  of 
habitation  and  distribution  of  population,  commerce  and 
industry,  etc.  Accordingly,  these  features  of  the  problem 
are  studied  and  so  far  as  possible  are  treated  quantita- 
tively. Next,  the  historical,  racial,  and  political  factors 
are  examined.  Finally,  since  such  methods  can  at  best 
yield  but  a  rough  approximation  to  a  description  of  the 
complex  reality,  the  work  takes  on  a  literary  form,  the 
imagination  aiding  in  the  process  of  integration,  and  thus 
a  completion  is  reached.156  The  imagination  so  employed 
is  a  dangerous  guide,  in  medicine  as  in  geography,  and 
yet  it  may  be  hoped  that  medical  monographs  will  some- 
times in  the  future  follow  this  plan.  Thus  the  description 
of  a  disease,  founded  upon  mathematical  physiology  and 
presenting  a  crude  but  approximate  description  of  the 
whole  organism,  enlarged  by  the  insight  and  experience 
of  the  skilful  physician,  may  yet  become  a  bridge  between 
the  laboratory  and  the  clinic. 

The  disease,  however,  is  an  abstraction  or  approxima- 
tion, and  the  sick  man  is  the  concrete  fact.  So  medical  sci- 
ence comes  finally  to  the  individual,  and  it  is  individuals 
that  we  have  studied  in  this  book. 

The  logical  confusion  between  the  class  and  the  indi- 
vidual, a  source  of  endless  strife  in  the  history  of  philoso- 
phy, is  another  reason  for  the  conflict  between  laboratory 
and  clinic.  But,  here  again,  there  is  some  ground  for  hope 
that  mathematical  physiology  may  lessen  the  conflict.  We 
have  noted  in  these  chapters  measurable  differences  be- 
tween normal  men,  between  men  suffering  from  the  same 
disease,  and  of  course  such  differences  are  well  known  to 
exist.  It  is  not  too  much  to  hope  that,  by  study  of  the  mu- 
tual dependence  between  the  variables,  differences  in  con- 
stitution, temperament,  susceptibility  to  disease,  etc.,  may 
be  defined.  Here  what  is  wanted  is  a  scientific  analysis  of 
the  individual,  founded  not  merely  upon  anthropological 

156  See,  for  example,  R.  Blanchard,  La  Flandre,  Dunkerque,  1906. 
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measurements,  or  psychological  tests,  or  the  study  of  the 
internal  secretions,  but  also  upon  the  quantitative  study 
of  the  quantitatively  great  physiological  activities,  and 
above  all  upon  the  analysis  of  the  mutual  dependence  of 
all  these  factors.  In  this  manner,  it  seems  probable  that 
an  exact  science  of  anthropology  or  human  biology  may 
be  slowly  built  up. 

The  persistent  study  of  the  mutual  dependence  between 
the  physiological  variables  leads  very  slowly  to  a  better 
understanding  of  concrete  reality  or,  in  other  words,  to  a 
description  of  the  whole  organism.  In  particular,  we  reach 
a  conception  of  the  organism  as  an  immensely  complex 
system  in  equilibrium  (which  must  not,  however,  be  con- 
fused with  thermodynamic  equilibrium,  in  the  strict 
sense)  a  view  that  Pareto157  has  clearly  worked  out  for 
society :  ' l .  .  .  accidental  changes  of  an  element  which 
arises,  acts  for  a  short  time  on  a  system,  producing  in  it  a 
slight  deviation  from  the  state  of  equilibrium,  then  disap- 
pears. For  example,  short  wars  for  a  rich  country,  epi- 
demics, floods,  earthquakes,  and  similar  calamities,  etc. 
Statisticians  had  already  remarked  that  these  events  in- 
terrupt, for  a  brief  period  only,  the  course  of  economic 
and  social  life ;  but  many  investigators,  lacking  the  notion 
of  equilibrium,  set  to  work  to  discover  imaginary  causes. 
This  is  what  happened  to  Stuart  Mill,  seeking  why  a 
country,  disturbed  for  a  brief  period  by  war,  quickly  re- 
turns to  its  previous  state.  On  the  contrary,  others  like 
Levasseur  invoked  a  mysterious  'law  of  compensation. ' 
The  equilibrium  of  a  social  system  is  similar  to  that  of  a 
living  organism.  Now,  from  the  earliest  times,  the  re- 
establishment  of  equilibrium,  accidentally  and  slightly 
modified  in  the  living  organism,  has  been  observed.  As 
usual,  men  have  wished  to  give  a  metaphysical  color  to 
this  phenomenon  and  have  invoked  the  vis  medicatrix  na- 
turae." This  statement,  which  has  many  implications, 
suggests  in  a  very  general  form  a  dynamical  conception 

157  y  Pareto,  Traite  de  Sociologie  Generate,  II,  1309,  note,  Lausanne 
and  Paris,  1919. 
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of  survival,  but  one  that  is  probably  too  abstract  for  the 
present  purposes  of  the  physiologist. 

Yet  all  the  comparative  studies  of  these  chapters  illus- 
trate the  principle  and,  by  changing  the  point  of  view, 
physiological  considerations  may  be  made  clearer.  We 
may,  for  instance,  turn  our  attention  to  the  properties  of 
the  substances  and  of  the  structures  that  are  involved 
in  the  disturbance  of  the  physiological  equilibrium,  and 
seek  a  measure  of  their  share  in  the  restoration  of  this 
state.  Here  we  shall  find  quantitative  relations  that  may 
be  defined  as  efficient.  Again  we  may  study  the  degree  of 
relatedness  of  the  parts  of  the  organism.  This  we  shall  find 
to  be  very  great,  and  this  property  also  is  very  effective 
in  the  preservation  of  the  stationary  state  of  the  organ- 
ism. We  may  then  say,  as  has  been  pointed  out  in  the  first 
chapter,  that  the  organism  is  adapted  and  adaptable.  The 
law  of  adaptation  in  organisms  is  for  the  physiologist 
hardly  less  general  or  less  convenient  than  the  second  law 
of  thermodynamics  for  the  physicist.  I  shall  not  now  en- 
deavor to  go  beyond  what  has  been  said  above  on  this 
point. 

The  adaptive  character  of  the  phenomena  has  been  ex- 
pounded at  length  in  the  preceding  chapters.  It  has  been 
noted  in  the  physico-chemical  properties  of  the  compo- 
nents of  the  system,  e.g.,  in  those  of  hemoglobin,  in  the 
changes  of  the  composition  and  state  of  equilibrium  of  the 
system,  e.g.,  in  acidosis,  and  in  the  integrative  action  of 
the  blood,  e.g.,  in  the  control  of  breathing.  In  nephritis  we 
found  a  condition  where  changes  have  perhaps  reached  a 
maximum  both  in  magnitude  and  in  extent. 

We  shall  do  well  to  note  before  proceeding  that  adap- 
tive processes  may  be  carried  out  in  different  ways,  thus 
blood-flow  and  coefficient  of  utilization  of  oxygen  may 
vary  inversely,  the  lung  may  take  over  regulatory  control 
that  is  ordinarily  performed  by  the  kidney,  and  it  is  well 
known  that  the  conscious  mind  may  likewise  assume  con- 
trol of  processes  that  are  generally  otherwise  carried  out. 
An  instructive  and  amusing  example  of  this  type  of  rela- 
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tion  in  the  field  of  economics  is  given  by  Pareto  's  proof158 
that ' '  the  social  function  of  speculators,  in  so  far  as  they 
do  not  act  directly  upon  prices,  is  to  solve  as  promptly 
and  as  well  as  possible  the  equation  of  economic  equilib- 
rium. It  is  these  same  equations  that  the  employees  of  a 
socialistic  state  would  have  to  solve."  In  sum,  problems 
of  adaptation  are  to  be  considered  mathematically  in  re- 
lation to  the  state  of  equilibrium  of  the  whole  organism, 
and  they  present  themselves  alike  in  the  biological  and  in 
the  social  sciences.  This  fact  should  suffice  to  rule  out 
entelechies  and  vitalism. 


In  blood  there  is  one  instance  of  adaptation,  to  which  I 
have  in  the  past  devoted  much  thought,  that  seems  to  take 
a  place  by  itself.  This  is  the  fitness  of  the  properties  of 
water  and  carbon  dioxide,  in  concentration  and  metabolic 
importance  the  chief  components  of  the  organism,  for  the 
constitution  of  stable  physico-chemical  systems.  The  most 
obvious  facts  are  the  solvent  power  of  water  and  the  buf- 
fer action  of  bicarbonates,  both  of  which  manifest  them- 
selves in  all  natural  water  and  all  organisms,  and  consti- 
tute two  of  the  great  factors  of  the  geological  and  biologi- 
cal history  of  the  earth. 

These  properties  of  the  two  substances  depend  upon 
the  ensemble  of  properties  of  the  elements  hydrogen,  car- 
bon, and  oxygen.  The  properties  of  these  three  elements 
"lead  to  the  presence  of  water  and  carbon  dioxide  in  the 
atmosphere,  and  to  the  meteorological  cycle.  This  cycle 
regulates  the  temperature  of  the  globe  more  perfectly 
than  it  could  be  regulated  by  any  other  substances  con- 
cerned in  any  other  similar  cycle.  It  produces  an  almost 
constant  temperature  in  the  ocean,  as  well  as  constancy 
of  composition  and  of  alkalinity.  It  mobilizes  all  over  the 
earth  great  quantities  of  all  the  elements;  it  deposits 
them  in  great  variety  and  inexhaustible  profusion  in  the 

158  P.  Boven,  Les  Applications  Mathematiques  a  l'£conomie  Poli- 
tique, p,  154,  Lausanne,  1912. 
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ocean ;  it  comminutes  and  disperses  all  kinds  of  insoluble 
minerals,  thereby  diversifying  the  land;  it  causes  water 
to  penetrate  and  to  remain  in  nearly  all  localities ;  and  all 
of  these  processes  are  more  perfect  or  more  extensive 
than  they  could  be  if  a  large  number  of  the  different  prop- 
erties of  water  were  not  what  they  are.  Thereby  the  great- 
est variety  and  quantity  of  structural  materials  are  ac- 
cumulated. Meanwhile  the  conditions  which  make  for 
durability  of  structures  are  also  assured. 

*  *  Other  similar  results  depend  upon  the  chemical  prop- 
erties of  these  three  elements.  Such  properties  lead  to  an 
even  greater  variety  of  chemical  combinations  and  chemi- 
cal reactions,  to  an  unequalled  diversity  of  properties  in 
their  products,  and  to  qualitatively  and  quantitatively  im- 
portant transformations  of  energy. 

"Out  of  all  these  substances,  inorganic  and  organic 
alike,  as  a  result  of  the  properties  of  water  and  of  carbon 
dioxide,  the  construction  of  an  almost  infinite  diversity  of 
phases  and  systems  is  possible.  Natural  phases  and  sys- 
tems may  both  vary  almost  indefinitely  in  number  and  va- 
riety of  components,  in  concentrations,  and  in  configura- 
tions. They  may  be  so  constituted  as  to  produce  the  most 
varied  forms  of  activity.  Like  their  components  they  may 
manifest  the  greatest  diversity  of  properties.  .  .  .  These 
and  many  other  things  depend  upon  the  properties  of 
hydrogen,  carbon,  and  oxygen.  .  .  .  Each  of  these  prop- 
erties is  almost  or  quite  unique,  either  because  it  has  a 
maximum  or  a  minimum  value  or  nearly  so,  among  all 
known  substances,  or  because  it  involves  a  unique  rela- 
tionship, or  an  anomaly.  No  other  element  or  group  of 
elements  possesses  properties  which  on  any  account  can 
be  compared  with  these.  .  .  .  Thus  we  reach  the  conclu- 
sion that  the  properties  of  hydrogen,  carbon,  and  oxygen 
make  up  a  unique  ensemble  of  properties  each  one  of 
which  is  itself  unique.  This  ensemble  of  properties  is  of 
the  highest  importance  in  the  evolutionary  process,  for  it 
is  that  which  makes  diversity  possible.  To  this  end  it  pro- 
vides materials,  and  in  large  measure  the  necessary  sta- 
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bility  of  conditions.  .  .  .  The  unique  ensemble  of  prop- 
erties of  water,  carbonic  acid,  and  the  three  elements 
constitutes,  among  the  properties  of  matter,  the  fittest  en- 
semble of  characteristics  for  durable  mechanism. ' ,159  For 
these  facts  I  have  no  explanation  to  offer.  All  that  I  can 
say  is  that  they  exist,  that  they  are  antecedent  to  organic 
adaptations,  that  they  resemble  them,  and  that  they  can 
hardly  be  due  to  chance. 

The  properties  of  water  and  of  carbon  dioxide  are  es- 
pecially related  to  the  theory  of  milieu  interieur.  We  shall 
now  return  to  this  theory,  which  is  perhaps  destined  to 
play  an  even  greater  role  in  the  future  than  it  has  in  the 
past.  The  action  of  blood,  regarded  as  environment  of  the 
tissues,  may  be  considered  as  integrative.  This  is  true 
alike  for  the  first  approximation  which  regards  the 
physico-chemical  properties  of  the  system  as  constant, 
and  for  the  closer  approximation  which  takes  into  ac- 
count normal  gradients  and  the  changes  which  accompany 
activity  and  disease.  It  has,  however,  not  been  customary 
to  take  into  account  the  integrative  activity  of  blood  con- 
sidered as  a  physico-chemical  system.  Such  activity  has 
hardly  been  attributed  to  this  substance  otherwise  than 
in  its  action  as  a  vehicle  for  the  transfer  of  hormones 
which,  together  with  the  integrative  action  of  the  nervous 
system,  includes  the  modes  of  integration  that  are  usually 
studied.  An  exception  may  be  noted  in  the  participation 
of  blood  in  the  control  of  breathing,  and  other  exceptions 
might  be  cited,  but  the  general  problem  has  not  been  con- 
sidered. 

As  a  means  of  beginning  the  investigation,  a  general- 
ized description  of  the  physico-chemical  system  may  be 
attempted.  There  are  two  phases,  plasma  and  cells.  There 
are  eight  components.  Four  of  these,  water,  carbon  di- 
oxide, hydrochloric  acid,  and  oxygen,  are  present  in  both 
phases  and,  as  the  state  of  the  equilibrium  changes,  in 
some  form  or  other  pass  back  and  forth  between  the  two 

159  L.  J.  Henderson,  The  Order  of  Nature,  chap.  X,  Cambridge, 
Mass.,  1917. 
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phases.  Two  components,  plasma  base  and  plasma  pro- 
tein, are  present  in  plasma  only ;  two  others,  cell  base  and 
cell  protein,  only  in  the  cells.  The  first  order  relations  be- 
tween these  components  may  be  regarded  as  (1,  2,  3,  4) 
the  diffusion  of  the  four  first-mentioned  components 
across  the  cell  walls,  the  acid-base  reactions  in  plasma 
(5,  6,  7)  and  in  cells  (8,  9,  10)  between  base  and  carbon 
dioxide,  hydrochloric  acid  and  proteins,  finally,  (11)  the 
reaction  in  the  cells  between  oxygen  and  hemoglobin.  All 
these  relations  are  diagram m a tically  represented  on  fig- 
ure 224.  We  shall  disregard  all  other  components  and  all 
second  order  relations,  of  which  many  exist,  between  the 
designated  components. 
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Fig.  224 
Blood  as  a  System 


In  order  to  conceive  the  conditions  of  equilibrium  in 
this  system  we  may  adopt  the  following  aid  to  the  imagi- 
nation :  Each  component  in  each  phase  is  regarded  as  a 
sphere  attached  by  an  extensible  elastic  band  at  some 
point  on  a  motionless  rigid  support ;  the  bonds  shown  in 
the  figure  are  conceived  as  other  similar  bands  joining 
the  several  spheres,  in  accordance  with  the  disposition  of 
the  bonds  of  the  figure ;  the  elastic  bands  are  of  different 
lengths  and  sizes,  the  points  of  attachment  to  the  support 
variously  disposed,  in  accordance  with  the  properties  of 
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the  physico-chemical  system.  The  resulting  condition  of 
equilibrium  is  readily  imagined.  Variation  of  equilibrium 
resulting  from  variation  of  the  masses  of  the  components 
may  be  represented  by  varying  the  mooring  bands  in 
length,  thickness,  and  points  of  attachment  to  the  rigid 
support. 

Let  us  consider  the  transfer  of  oxygen  by  the  system 
represented  in  figure  224  and,  in  order  to  fix  our  ideas, 
let  us  take  affinity  of  hemoglobin  for  oxygen  as  an  index 
of  the  magnitude  of  the  process.  It  has  been  shown  both 
theoretically  and  experimentally  in  these  chapters  that 
the  value  of  k  which  measures  this  affinity  is  a  function 
of  the  hydrogen  ion  concentration  of  the  cells.  It  is  true 
that  k  is  also  a  function  of  other  variables,  but  this  fact 
may  be  provisionally  neglected.  Now  hydrogen  ion  con- 
centration of  the  cells  has  been  shown  both  theoretically 
and  experimentally  to  be  a  function  of  the  concentration 
in  the  cells  of  the  components,  carbon  dioxide,  hydro- 
chloric acid,  oxygen,  base,  and  protein.  These  facts  are 
represented  on  figure  225,  which  is  obtained  from  figure 
224  by  the  addition  of  the  representation  of  the  hydrogen 
ion  in  the  cells  and  of  the  relations  just  specified. 

Evidently  the  hydrogen  ion  concentration  of  the  cells, 
and  therefore  the  value  of  k,  may  be  varied  by  varying  the 
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Blood  as  a  System :  The  Hydrogen  Ion  Relations 
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concentration  of  any  of  the  components  (except  water  for 
which  the  effect  is  small)  in  either  cells  or  plasma.  The 
effect  is  in  some  cases  direct,  in  others  indirect.  Nothing 
in  this  discussion  enables  us  to  infer  the  magnitudes  of 
the  different  effects.  However,  it  is  a  fact  that  the  indi- 
rect effect  produced  by  varying  the  concentration  of  PB 
tends  to  be  small.  Again,  physiological  conditions  permit 
wide  variation  in  oxygen  and  carbon  dioxide  pressures. 
Hence  the  effects  produced  by  varying  the  concentrations 
of  these  substances  may  be  large.  For  chemical  reasons 
they  are  likely  to  be  larger  when  carbon  dioxide  pressure 
is  varied  than  when  oxygen  pressure  is  varied.  Again,  for 
physiological  reasons,  variation  in  hydrochloric  acid  con- 
centration is  likely  to  be  smaller  and  the  effects  corre- 
spondingly so.  Base  is  here  taken  as  the  base  associated 
with  the  three  specified  acid  components.  When,  as  in  fa- 
tigue and  in  disease,  other  acids  enter  the  blood,  or  when 
pathological  changes  in  the  component  hydrochloric  acid 
take  place,  other  effects  upon  the  value  of  h  may  also  be 
noted.  With  the  help  of  a  complete  nomogram,  or  still 
better,  of  all  the  nomograms  that  we  have  studied,  it 
would  be  possible  to  carry  through  at  least  a  partial  quan- 
titative analysis  of  the  question.  But  this  is  not  the  object 
of  the  present  discussion.  That  object  is  but  to  illustrate 
in  a  convenient  diagram  the  fact  that  no  single  factor  of 
the  plasma  can  be  regarded  as  determining  the  afiinity  of 
hemoglobin  for  oxygen,  or  as  being  the  cause  of  varia- 
tions of  this  afiinity. 

This  conclusion  is  an  obvious  corollary  of  all  our  previ- 
ous conclusions,  but  the  facts  will  repay  a  closer  scrutiny. 
Let  us  note,  to  begin  with,  that  even  when  a  single  com- 
ponent is  varied,  the  effects  upon  the  hydrogen  ion  con- 
centration of  the  cells  are  both  direct  and  indirect,  and 
defy  analysis  except  by  means  of  a  nomogram.  Thus,  for 
instance,  variation  in  partial  pressure  of  carbon  dioxide 
has  been  shown  to  produce  variation  in  carbon  dioxide, 
hydrochloric  acid,  and  oxygen  concentrations  within  the 
cell.  Therefore,  the  hydrogen  ion  concentration  of  the 
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cells  is  determined  by  the  system  as  a  whole,  just  as  a 
scrap  of  paper  is  cut  by  a  pair  of  shears  and  not  by  one 
of  the  blades.  This  conclusion  could  also  have  been  de- 
duced from  the  work  of  Gibbs.  Indeed,  if  we  adopt  the 
physico-chemical  standpoint  it  is  a  mere  truism. 

We  may  now  recall  the  fact  that  the  hydrogen  ion  con- 
centration of  the  cells  is  not  the  only  variable  upon  which 
the  value  of  h  depends,  so  that  we  cannot  associate  this 
quantity  with  a  single  variable  even  in  the  cells.  Thus  we 
have  reached  the  result  that  the  affinity  of  hemoglobin  for 
oxygen  in  blood  depends  upon  the  composition  of  the 
whole  system,  that  every  variation  in  this  affinity  is  ac- 
companied by  a  variation  of  the  condition  of  the  whole 
system  and  that  every  variation  in  the  system  is  accom- 
panied by  a  variation  of  this  affinity. 

This  result  may  now  be  applied  to  the  problem  of  the 
control  of  breathing.  Provisionally,  let  us  adopt  Gesell's 
hypothesis  that  the  hydrogen  ion  concentration  of  the 
cells  of  the  respiratory  center  determines  the  ventilation 
of  the  lungs.  Then  we  may  make  use  of  figure  225  for  this 
case  also.  The  left-hand  side  of  the  figure  will  now  stand 
for  the  composition  of  blood  plasma  and  lymph,  the  right- 
hand  side  of  the  figure  for  the  interior  of  the  cells  of  the 
respiratory  center.  The  diagram  is  now  a  less  accurate 
approximation,  for  lymph  has  not  the  same  composition 
as  blood  plasma  and  nerve  tissue  differs  widely  in  com- 
position from  blood  cells.  But  these  facts  are  irrelevant 
to  the  present  discussion  for,  as  we  saw  in  the  first  chap- 
ter, the  components  of  blood  to  which  we  have  limited  our 
discussion  are,  except  for  differences  in  the  proteins,  the 
components  of  all  protoplasm.  However,  the  conditions 
of  diffusion  across  the  cell  walls  are  also  different.  For 
this  reason,  we  must  regard  the  bonds  of  figure  225  as  not 
all  precisely  determined.  Finally,  within  the  nerve  cells 
oxygen  does  not  combine  with  protein  as  it  does  in  the 
erythrocytes ;  but  it  does  nevertheless  enter  into  the  proc- 
esses of  metabolism  in  the  cells.  Therefore,  it  is  somehow 
related,  directly  or  indirectly,  to  each  of  the  other  compo- 
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nents.  In  short,  the  diagram  represents  the  facts  less  con- 
cretely, but  hardly  less  effectively,  than  before. 

It  is  now  obvious  that  on  the  present  theory  there  can 
be  no  specific  respiratory  hormone  or  stimulus  and  that 
the  blood  as  a  whole  is  the  stimulus  of  breathing.  But, 
further,  if  within  the  red  cells  the  union  of  oxygen  with 
hemoglobin  is  a  function  of  the  state  of  the  whole  system, 
then,  since  the  second  process  is  probably  more  complex 
than  the  first,  it  is  at  least  possible,  even  extremely  prob- 
able, that  the  stimuli  sent  out  by  the  cells  of  the  respira- 
tory center  also  depend  upon  the  whole  state  of  these  cells, 
and  not  merely  upon  the  concentration  of  the  hydrogen 
ion  or  of  any  other  single  substance.  I  think  we  should  go 
farther  than  this,  generalize  the  conclusion  and  set  it  up 
as  a  postulate.  As  a  working  hypothesis  it  is  capable  of 
being  very  useful. 

To  this  end  figure  225  may  be  used  not  only  as  an  illus- 
tration of  the  relations  between  blood  and  the  respiratory 
center  but  also  generally  as  an  illustration  of  the  relations 
between  body  fluids  and  tissues.  Again  it  must  be  noted 
that  the  components  vary  slightly  from  case  to  case,  that 
the  conditions  of  diffusion  also  vary,  and  that  conse- 
quently the  direct  relations  between  components  are 
slightly  variable. 

Thus  we  have  reached  a  very  general  conclusion.  For 
it  is  now  evident  that,  through  the  relations  illustrated  by 
the  figure  and  the  motion  of  the  blood  in  the  circulation, 
there  is  established  a  physico-chemical  integration  of  the 
organism  which  seems  to  be  more  primitive  than  any 
other  form  of  integration.  The  changes  in  composition  of 
blood  during  work  which  we  have  studied  in  previous 
chapters  suggest  how  rapid  and  how  extensive  the  proc- 
esses thus  involved  may  be. 

In  its  simplest  form  such  integrative  action  may  be 
conceived  as  follows :  The  blood  exists  in  a  state  of  hetero- 
geneous equilibrium  with  all  the  cells  of  the  body.  Sup- 
pose a  change  to  occur  in  some  part,  say  increase  of  ac- 
tivity in  a  group  of  muscles.  Then  the  physico-chemical 
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equilibrium  within  these  muscles  will  change,  and  this 
must  be  accompanied  by  changes  in  that  portion  of  the 
blood  which  is  in  heterogeneous  equilibrium  with  the 
varied  muscle  cells.  This  blood  is  carried  back  to  the  heart 
and  mixes  with  all  the  other  venous  blood.  Changes  in 
arterial  blood  result  and  these  lead  to  changes  not  only  in 
the  respiratory  center,  but  in  all  other  parts  of  the  body. 
For  example,  venous  blood,  coming  from  inactive  regions 
of  the  body  during  a  period  when  muscles  in  other  regions 
are  active,  may  contain  less  lactic  acid  than  arterial  blood. 
Other  changes  in  the  acid-base  equilibrium  of  the  system 
are  also  involved,  for  here  the  inactive  portions  of  the 
body  are  serving  as  buffers.  Such  considerations  are  far 
too  simple  and  obvious  to  have  escaped  notice,  but  they 
have  not  been  clearly  conceived  or  methodically  studied. 
Also  it  has  not  been  noted  that  every  part  of  the  body  has 
at  its  disposal  the  resources  of  the  whole  body,  or  at  least 
it  has  not  been  clearly  perceived  in  what  manner  this  is 
the  case  when  disturbances  of  the  more  general  features 
of  the  physico-chemical  system  are  in  question.  In  accord- 
ance with  the  principle  quoted  from  Pareto,  which  can 
also  be  stated,  though  less  completely,  in  the  form  of  the 
theorem  of  Le  Chatelier,  such  processes  are  regulatory 
or  compensatory,  and  tend  not  only  to  check  but  also  to 
reverse  the  variations,  and  to  restore  the  original  state. 
If  we  would  understand  the  mechanism  of  these  integra- 
tive processes  it  is  necessary  to  take  account  of  at  least 
the  more  important  properties  of  the  physico-chemical 
system.  For  this  purpose  figure  224,  or  better  a  complete 
nomogram,  should  be  employed.  When  the  phenomena 
have  been  extensively  studied  in  this  manner,  as  we  have 
studied  them  for  blood  alone  in  these  chapters,  the  syn- 
thesis of  an  enormous  mass  of  existing  physiological 
knowledge  will  perhaps  become  possible. 


In  the  beginning  we  were  confronted  with  Claude  Ber- 
nard's question:  What  is  "the  elementary  condition  of 
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the  phenomena  of  life ' '  ?  At  the  end  of  this  long  study  an 
answer  may  be  given.  This  answer  was  first  formulated 
provisionally  as  an  aid  in  our  work ;  as  we  proceeded  we 
found  it  useful  and,  though  always  incomplete,  never  er- 
roneous. We  can  now  see  that,  though  it  is  surely  destined 
to  be  replaced  by  a  better  answer  to  the  question,  it  will 
still  serve  for  a  brief  time  to  come. 

The  elementary  condition  of  the  phenomena  of  life  is  a 
particular  kind  of  physico-chemical  system.  A  description 
of  this  kind  of  system,  so  general  as  to  be  almost  but  not 
quite  useless,  is  given  in  figure  224.  A  more  complete  de- 
scription of  an  unrepresentative  member  of  the  class  is 
given  by  a  blood  nomogram  such  as  figure  41.  Although 
the  greater  part  of  this  book  has  been  devoted  to  the 
elucidation  of  the  properties  of  this  class  of  systems,  a 
comprehensive  and  detailed  description  is  as  yet  unat- 
tained. 

There  are  many  grounds  for  objecting  to  this  state- 
ment. Some  will  still  say  that  the  elementary  condition  of 
the  phenomena  of  life  is  the  cell.  Others  will  prefer  a 
metaphysical  definition.  To  the  latter  objectors  it  may  be 
replied  that  the  physiologist  is  seeking  his  own  ends ;  to 
the  former  that  this  is  but  a  question  of  means  to  those 
ends,  and  that  for  the  present  rational,  mathematical, 
and  physico-chemical  studies  of  equilibria  and  stationary 
states  in  living  organisms  are  fruitful  of  the  results  that 
he  seeks. 
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IN  studying  the  physico-chemical  properties  of  blood 
it  is  frequently  desirable  to  determine  for  a  single 
specimen  a  complete  set  of  carbon  dioxide  dissocia- 
tion curves  and  two  or  three  oxygen  dissociation  curves. 
This  may  be  particularly  true  in  the  case  of  a  pathological 
subject  whose  blood  changes  from  day  to  day.  We  pro- 
pose to  describe  the  technique  that  we  have  used  when  as 
much  as  135  cc.  of  blood  and  four  investigators  were 
available.  There  will  also  be  described  an  experiment  in 
which  fairly  complete  information  was  obtained  by  one 
investigator  on  30  cc.  of  blood. 

Tonometers  in  which  the  blood  is  to  be  equilibrated  are 
ordinarily  prepared  a  day  in  advance.  These  tonometers 
are  of  the  Barcroft  type,  of  250  to  350  cc.  capacity  and 
are  illustrated  in  figure  1.  The  capacity  is  etched  on  each 
and  serves  as  an  identifying  mark.  The  dry  tonometers, 
with  stop-cocks  well  lubricated  and  held  in  by  rubber 
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bands,  are  fitted  with  rubber  stoppers.  They  are  divided 
into  three  groups:  I,  for  oxygenated  carbon  dioxide 
curves;  II,  for  reduced  carbon  dioxide  curves;  and  III, 
for  oxygen  curves.  Tonometers  in  the  last  two  groups  are 
flushed  out  with  nitrogen  before  stoppers  are  inserted. 

In  table  1  there  are  indicated  the  desired  pressures  of 
carbon  dioxide  and  oxygen,  the  volume  of  each  gas  to  be 
added  and  the  volume  of  blood  to  be  used. 

A  few  comments  may  be  made  on  table  1.  No  carbon 
dioxide  need  be  added  to  tonometer  a  since  enough  will  be 
freed  from  18  cc.  of  blood  to  produce  a  carbon  dioxide 
pressure  of  from  10  to  20  mm.  Similarly,  slight  correc- 
tions in  volume  of  carbon  dioxide  to  be  introduced  into 
tonometers  i  to  I  are  necessary.  Ordinarily  there  is  no 
occasion  for  adjusting  the  oxygen  pressure  carefully  in 
group  III  tonometers.  The  oxygen  pressures  in  the  low 
range  will  exceed  those  calculated,  in  part  because  some 
oxygen  is  given  up  by  the  blood  and  in  part  because  the 
nitrogen  used  in  flushing  out  the  tonometers  is  not  oxygen 
free. 

An  additional  tonometer,  filled  with  nitrogen  alone,  is 
required  for  preliminary  reduction  of  the  blood  to  be  used 
in  tonometers  /,  g,  and  h. 

The  apparatus  for  preparing  the  gas  mixture  in  a  tono- 
meter is  shown  in  figure  1.  The  process  may  be  illustrated 

20  i 

with  tonometer  i.  Let  i  —  250  and  B  =  750.  Then  — 

B 

0.8  =  5.9  and    —    =  3.3.  With  tonometer  stop-cock  A 

open  to  the  air  and  with  stop-cock  B  of  the  gas  pipette 
(50  cc.  capacity,  calibrated  in  0.1  cc.)  open  to  A,  the  gas 
pipette  is  filled  with  mercury  with  leveling  bulb  C.  Stop- 
cock A  is  turned  and  9.2  cc.  (5.9  +  3.3)  of  gas  drawn 
from  the  tonometer  into  the  pipette.  Stop-cock  A  is 
turned,  and  through  its  side  outlet,  this  gas  is  discharged. 
Stop-cock  B  is  turned  to  rubber  bag  D,  containing  oxygen. 
The  pipette  and  connecting  tube  AB  are  flushed  out  with 
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Purpose 

Oxygenated 
C02  curve. 

Oxygenated 
C02  curve. 


TABLE  1. 

Preparation  of  tonometers  for  equilibration  of  blood. 

Tonometer 
Blood      Number  and     pC02    p02      Vol.  C02  to  add      Vol.  02  to  add      Vol.  Blood 


Used 


Venous 


Arterial 


Reduced 

CO.  curve.      ^'enous 


02  curve 
atpC02 
=  20  mm. 


Venous 


02  curve 
atpC02 
=  40  mm. 


Venous 


02  capacity    Venous 
02  capacity    Arterial 

*  Barometer  reading. 


Volume 

mm. 

mm. 

cc. 

cc. 

a 

10 

air 

none 

none 

b 

40 

air 

40  6 
B* 

none 

c 

100 

air 

100  c 
B 

none 

d 

40 

air 

40  d 
B 

none 

e 

70 

air 

70  e 
B 

none 

f 

10 

0 

10/ 
B 

none 

9 

40 

0 

40  g 
B 

none 

h 

100 

0 

100  h 
B 

none 

i 

20 

10 

20  i 
B 

—  0.8 

10  i 
B 

3 

20 

30 

20  j 
B 

—  0.9 

30  j 
B 

k 

20 

40 

20  k 
B 

—  1.0 

40  k 
B 

I 

20 

60 

201 
B 

—  1.1 

601 
B 

m 

40 

15 

40  m 
B 

15  m 
B 

n 

40 

30 

40  n 
B 

30  n 
B 

0 

40 

40 

40  o 
B 

40  o 
B 

P 

40 

60 

40  p 
B 

60  p 
B 

0. 

air 

none 

none 

r 

air 

none 

none 

cc. 
18 

4 
18 

4 
4 

18 
4 

18 

4 
4 
4 
4 

4 
4 
4 
4 

4 
4 
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oxygen  twice  through  the  side  arm  of  A  and  finally  ex- 
actly 3.3  cc.  of  oxygen  is  measured  into  the  pipette  and 
then  delivered  into  the  tonometer.  The  bag  of  oxygen  is 
replaced  with  a  bag  of  carbon  dioxide  and  after  flushing 
out  the  pipette  and  connections  through  the  side  outlet  of 
A,  5.9  cc.  of  C02  is  introduced  into  the  tonometer.  The 
final  pressure  in  the  tonometer  will  vary  but  little  from 
atmospheric  pressure. 

When  more  than  10  or  15  cc.  of  gas  is  withdrawn  from 
the  tonometer,  account  should  be  taken  of  the  lowered 
pressure.  This  may  be  done  approximately  by  suitable 
lowering  of  the  leveling  bulb  or  the  volume  of  gas  with- 
drawn may  be  measured  with  B  closed.  Such  a  set  of  to- 
nometers as  shown  in  table  1  may  be  prepared  in  about 
one  hour. 

We  use  50  cc.  centrifuge  tubes  for  collection  of  the 
blood.  Ten  cubic  centimeters  of  paraffin  oil  and  10  mg.  of 
heparin*  are  added.  This  will  take  care  of  30  to  40  cc.  of 
blood  with  a  suitable  factor  of  safety.  For  certain  pur- 
poses correction  may  be  necessary  for  substances  pres- 
ent in  heparin,  as  the  following  analytical  determinations 
indicate : 

Total  base,  millimoles  per  30  mg.  heparin,  0.1 

Total  nitrogen,  mg.  per  30  mg.  heparin,  2.3 

Non-protein  nitrogen,  mg.  per  30  mg.  heparin,  2.3 

Chloride,  millimoles  per  30  mg.  heparin,  0.03 

Phosphorus,  mg.  per  30  mg.  heparin,  0.0 

Calcium,  mg.  per  30  mg.  heparin,  0.2 

Assuming  heparin  has  been  added  in  the  proportion  of  30 
mg.  per  100  cc.  of  blood,  these  corrections  may  be  simply 
applied. 

After  establishing  local  anesthesia  with  one  per  cent 
novocaine,  blood  is  withdrawn,  usually  in  two  portions. 
One  portion  of  about  20  cc.  is  taken  from  the  radial  or 

*  Heparin  may  be  obtained  from  Hynson,  Westcott,  and  Dunning, 
Baltimore. 
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brachial  artery  and  a  second  portion  of  115  cc.  from  an 
arm  vein. 

Particular  care  is  taken  in  the  case  of  the  arterial  blood 
to  avoid  contact  with  air.  The  syringe  is  turned  up,  the 
needle  replaced  with  a  glass  tube  2  X  100  mm.  and  blood 
pushed  through  to  the  tip  of  this  tube.  The  syringe  is  in- 
verted and  with  the  tube  leading  into  the  oil  in  the  50  cc. 
centrifuge  tube,  the  blood  is  rapidly  transferred.  It  is 
then  stirred  carefully  until  the  heparin  is  dissolved.  Ve- 
nous blood  is  handled  in  the  same  manner,  but  less  im- 
portance is  attached  to  preventing  access  to  air.  The  point 
is  that  any  specimen  of  arterial  blood  normally  represents 
the  blood  leaving  the  lungs  while  in  respect  to  its  oxygen 
and  carbon  dioxide  contents  arm  vein  blood  may  differ 
greatly  from  vena  cava  blood.  Consequently  it  is  of  great 
interest  to  know  the  carbon  dioxide  and  oxygen  content  of 
arterial  blood  and  of  but  little  interest  to  secure  such  in- 
formation with  regard  to  arm  vein  blood. 

At  this  point  one  man  proceeds  promptly  to  the  deter- 
mination of  the  carbon  dioxide  and  oxygen  contents  of 
the  arterial  blood.  At  the  same  time  two  others  begin 
equilibrating  blood.  So  far  as  possible,  the  blood  awaiting 
equilibration  is  kept  at  a  temperature  of  about  5°C. 

With  a  5  cc.  syringe,  the  indicated  amount  of  arterial 
blood  is  introduced  into  tonometer  d  through  its  stop- 
cock. With  another  syringe,  mercury  is  forced  through 
the  stop-cock  until  the  capillary  bores  are  exactly  filled. 
The  time  is  noted  and  the  tonometer  is  placed  in  the  con- 
stant temperature  bath  where  it  is  held  in  the  mechanical 
rotator,*  illustrated  in  figure  2.  Tonometer  e  is  handled 
in  a  similar  manner. 

Forty  cubic  centimeters  of  venous  blood  is  then  added 
to  the  nitrogen-filled  tonometer  and  after  sealing  with 
mercury  this  is  placed  in  the  bath.  Each  of  tonometers  a, 
h,  and  c  is  then  prepared  and  its  equilibration  begun. 
Twenty  minutes '  equilibration  at  37.5°  insures  practically 

*  Manufactured  by  Warren  E.  Collins,  Inc.,  Boston. 
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Fig.  2 
Mechanical  Rotator 


complete  equilibrium  under  the  above-defined  conditions. 
Accordingly,  when  tonometer  d  has  been  equilibrated  for 
20  minutes,  it  is  clamped  in  an  upright  position  in  the 
bath  and  a  blood  sampling  tube  is  attached  with  a  short 
piece  of  small-bore  rubber  tubing.  This  sampling  tube  is 
like  the  gas  sampling  tube  shown  in  figure  3B  except  that 
its  capacity  is  only  6  cc.  The  tonometer  stop-cock  is 
turned  to  the  side  arm,  the  sampling  tube  stop-cock  is 
opened  and  by  raising  the  leveling  bulb  some  mercury  is 
forced  through  the  connection.  The  tonometer  stop-cock 
is  then  turned  and,  by  lowering  the  leveling  bulb,  the 
blood  is  drawn  into  the  sampling  tube.  After  closing  both 
stop-cocks,  the  rubber  connection  is  removed  and  sam- 
pling tube  and  tonometer  are  taken  from  the  bath.  The 
sampling  tube  is  placed  in  a  properly  denoted  position  in 
a  rack  and  sealed  off  with  mercury.  The  blood  samples  are 
held  at  about  5°  until  analyzed.  The  gas  in  the  tonometer 
is  analyzed  as  described  below. 

The  tonometer  used  for  preliminary  reduction  of  40 
cc.  of  blood  is  taken  from  the  bath  after  20  minutes,  dried 
and  clamped  in  an  upright  position.  The  blood  from  it  is 
used  for  filling  tonometers  /,  g,  and  h. 

So  in  turn  all  the  blood  is  equilibrated.  The  technique 
for  withdrawing  blood  from  tonometers  is  modified  in  the 
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case  of  a,  c,  f,  and  h.  A  dry  15  cc.  centrifuge  tube  gradu- 
ated in  0.1  cc.  is  filled  with  paraffin  oil  and  placed  in  a 
clamp  near  the  bath.  Of  the  total  of  18  cc.  of  blood  in 
the  tonometer,  approximately  4  cc.  is  drawn  into  the 
sampling  tube.  This  and  the  rubber  connection  are  re- 
moved. The  tonometer  is  lifted  from  the  bath  and  immedi- 
ately covered  with  several  thicknesses  of  a  warm  dry 
cloth.  The  stop-cock  is  exposed  and  dried,  one  or  two 
drops  of  blood  allowed  to  escape  and  the  remainder  trans- 
ferred carefully  into  the  centrifuge  tube  with  the  tip  of 
the  stop-cock  under  oil.  Care  must  be  exercised  to  close 
the  stop-cock  of  the  tonometer  before  the  last  bit  of  blood 
has  escaped.  Most  of  the  excess  oil  is  then  displaced  by 
inserting  a  one-hole  rubber  stopper.  A  glass  rod  with  a 
flattened  tip  is  pushed  into  the  hole.  Centrifugation  is 
promptly  begun  and  carried  on  for  one  hour  at  a  speed 
of  2500  to  3000  r.p.m.  After  centrifugation  the  tubes  are 
removed,  blood  volume  and  cell  volume  are  observed  and 
determination  of  carbon  dioxide  content  of  plasma  is  be- 
gun immediately. 

When  equilibration  of  blood  is  completed,  the  two  men 
who  have  been  so  engaged  begin  blood  gas  analysis.  Blood 
in  a  sampling  tube  is  thoroughly  mixed.  The  stop-cock  is 
carefully  opened  until  all  mercury  is  expelled  from  the 
capillary.  A  No.  0  rubber  stopper  with  small  bore  makes 
a  satisfactory  connection  with  the  Ostwald  pipette.  (This 
pipette  is  of  one  cubic  centimeter  capacity  and  is  cali- 
brated between  marks.)  The  leveling  bulb  is  supported  in 
the  rack  slightly  above  the  level  of  the  sampling  tube  stop- 
cock so  that  there  is  sufficient  pressure  to  fill  the  pipette 
when  the  stop-cock  is  opened.  After  the  blood  sample  has 
been  introduced  into  the  Van  Slyke  apparatus  the  sam- 
pling tube  is  again  sealed  of!  with  mercury.  For  the  ac- 
tual operation  of  determining  carbon  dioxide  and  oxygen 
we  follow  the  methods  of  Van  Slyke  and  his  associates 
without  deviation  (1,  2,  3). 

Such  an  experiment  involves  26  single  carbon  dioxide 
determinations  and  22  oxygen  determinations.  Under  the 
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conditions  described  these  determinations  can  be  com- 
pleted within  seven  hours  of  the  time  equilibration  is 
begun. 

A  fourth  investigator  analyzes  the  gas  phase  of  the  to- 
nometer. The  tonometer,  cooled  to  room  temperature,  is 
connected  to  the  Haldane  apparatus.  The  stop-cock  is 
carefully  opened  and,  without  mixing,  7  cc.  of  gas  is 
drawn  into  the  pipette.  The  pressure,  as  measured  by  the 
difference  in  mercury  levels,  is  read  with  a  mm.  rule.  The 
gas  in  the  pipette  is  then  discharged  through  the  side  arm 
of  the  tonometer  stop-cock,  two  additional  small  portions 
of  gas  are  used  for  flushing  out  and  then  a  sample  is 
drawn  into  the  Haldane  apparatus  and  analyzed  in  the 
usual  manner  for  carbon  dioxide  and  oxygen.  A  check 
analysis  is  also  made.  During  the  analysis  the  room  tem- 
perature is  noted.  The  pressure  of  carbon  dioxide  in  the 
tonometer  during  equilibration  is  calculated  as  follows : 

PC02  =  %C02  (B  -  PH20  +  AP)  X  g|±|  X  g±J> 

where  B  =  barometric  pressure  in  mm.  Hg. 

pH20  =  water  vapor  pressure  at  room  temperature  in  mm.  Hg. 
Ap  =  tonometer  pressure  as  measured  in  the  Haldane  appa- 
ratus. 
te  =  temperature  of  equilibration,  °C. 
tr  =  temperature  of  room,  °C. 
v  =  tonometer  volume  in  cc. 
b  =  volume  of  blood  equilibrated  in  cc. 

The  term  v  +  6  is  explained  as  follows :  The  volume  of 
the  tonometer  is  virtually  increased  by  7  cc.  when  Ap  is 
measured  and  is  less  than  its  dry  volume  by  1  cc.  because 
approximately  that  volume  of  blood  adheres  to  its  walls. 
The  above  formula  is  essentially  that  of  Bock,  Field,  and 
Adair  (4).  In  a  similar  manner  p02  is  calculated. 

As  soon  as  carbon  dioxide  content  of  each  plasma  has 
been  determined  in  duplicate,  a  2  cc.  portion  of  each  is 
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pipetted  into  an  Erlenmeyer  flask  of  capacity  125  cc.  for 
determination  of  total  chloride.  The  method  of  Van 
Slyke  (5)  is  employed.  The  remaining  plasma  is  pipetted 
off  and  combined.  It  may  be  set  aside  at  5°C.  and,  at  lei- 
sure, determination  may  be  made  of  water  by  drying  at 
110°,  of  total  base  by  the  method  of  Fiske  (6)  as  adapted 
to  serum,  total  nitrogen  by  Kjeldahl,  and  non-protein  ni- 
trogen by  Van  Slyke  (7).  In  some  cases  we  have  deter- 
mined sodium  plus  potassium  by  Stoddard's  method  (8) 
and  potassium  by  Fiske 's  method  (private  communica- 
tion). 

After  the  plasma  has  been  removed  from  the  cells,  the 
supernatant  paraffin  oil  and  traces  of  plasma  are  removed 
as  completely  as  possible  with  a  pipette  and  finally  with 
rolled  filter  paper.  About  2  cc.  of  each  specimen  of  cells  is 
then  pipetted  into  a  weighed  125  cc.  Erlenmeyer  flask. 
The  flasks  are  weighed  and  chloride  determination  is  car- 
ried out  by  Van  Slyke 's  method. 

In  order  to  calculate  cell  chlorides  to  the  volume  basis, 
specific  gravity  of  the  cells  must  be  determined  or  calcu- 
lated. The  equation 

Gc  =  1.3-0.3(H2O)c 

is  sufficiently  accurate  for  most  purposes.  In  this  equation 
Gc  =  specific  gravity  of  the  cells.  (H20)c  =  water  of  the 
cells  expressed  as  gm.  H20/gm.  cells,  as  determined  by 
drying  at  110°. 

An  additional  sample  of  cells  is  used  for  determination 
of  total  base  by  an  application  of  the  method  of  Fiske  (5). 

In  some  such  manner  as  this  the  experiment  on  T.J.F. 
discussed  in  chapter  VI  was  carried  out.  While  the  plan 
of  that  experiment  differed  in  certain  particulars  from 
the  plan  just  described,  the  points  of  departure  are  not 
important. 

We  may  turn  now  to  an  experiment  carried  through  by 
one  investigator  in  the  course  of  six  or  seven  hours  with 
30  cc.  of  blood.  The  details  are  shown  in  table  2. 
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TABLE  2. 

The  fewest  data  required  for  an  approximately  complete  physico-chemical 

description  of  blood. 

A  typical  experiment  on  30  cc.  blood. 

A.      CARBON  DIOXIDE  DISSOCIATION  CURVES. 


Total  C02 

Vol.  of  blood 

Whole 

True 

Cell! 

used 

pC02 

p02 

blood 

plasma 

volume 

Tonometer 

cc. 

mm.  Hg 

mm.  Hg 

vol.  °]o 
j   46.5 
\  46.3 

vol.  °fo 
55.4 

cc./l.  blood 
522.0 

a 

15 

45.1 

air 

b 

3 

74.6 

air 

56.75 

c 

3 

42.6 

5.0 

j   50.4 
(   50.7 

B. 

OXYGEN  DISSOCIATION  CURVE. 

Vol.  of  blood 

used 

pC02 

p02 

Total  02 

Hb02 

%Hb02 

d 

3 

41.1 

24.8 

7.80 

7.72 

32.9 

e 

3 

40.9 

46.1 

18.55 

18.43 

78.6 

f 

3 

0.0 

air  at  20° 

23.95 

23.45 

100.0 

OBSERVATIONS  ON  PLASMA  AND  CELLS  OF  TONOMETER  a. 

Plasma  H20,  gm.  per  liter  plasma,  926 

Plasma  chloride,  millimoles  per  liter  plasma,  96.4 

Cell  H20,  gm.  per  liter  cells,  708 

Cell  chloride,  millimoles  per  liter  cells,  47.0 

Plasma  total  base,  millimoles  per  liter  plasma,  165 

Plasma  protein,  mg.  per  liter  plasma,  93.7 

d.     alveolar  pC02  =  38  mm.  Hg. 


With  this  fairly  comprehensive  experiment  and  with 
knowledge  regarding  the  "law  of  the  blood' '  one  can 
synthesize  fairly  accurately  a  nomographic  description  of 
this  blood. 

There  remains  to  be  described  onr  method  for  deter- 
mining rate  of  blood  flow.  This  determination  in  man  fixes 
the  position  on  the  d'Ocagne  nomogram  of  the  venous 
line.  With  animals  one  needs  for  this  purpose  only  to 
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draw  mixed  venous  blood  from  the  heart.  In  either  case 
the  arterial  line  may  be  determined  by  direct  examination 
of  arterial  blood. 

First  of  all  one  determines  the  rate  of  carbon  dioxide 
production.  After  the  subject  has  reached  a  steady  state, 
all  air  expired  in  a  given  time  is  collected.  Its  content  of 
C02  is  estimated  by  measuring  its  volume  and  determin- 
ing percentage  composition  of  a  representative  sample, 
using  the  Haldane  apparatus. 

Eate  of  blood  flow  can  be  calculated  when  one  knows, 
in  addition  to  the  rate  of  carbon  dioxide  production,  the 
carbon  dioxide  content  of  arterial  and  of  venous  blood. 

The  carbon  dioxide  content  of  arterial  blood  has  been 
determined  directly  on  many  occasions.  It  is  now  known 
that  it  can  be  determined  quite  accurately  by  an  indirect 
method.  Thus,  in  resting  subjects,  Bock  and  Field  (9) 
showed  that  alveolar  air  collected  by  the  Haldane-Priest- 
ley  method  at  the  end  of  normal  expiration  had  a  carbon 
dioxide  pressure  averaging  0.5  mm.  less  than  arterial 
blood.  Similarly,  Dill,  Lawrence,  Hurxthal  and  Bock  (10) 
found  that  in  work  ranging  up  to  ten  times  the  resting 
level  Haldane-Priestley  alveolar  air  collected  at  the  be- 
ginning of  expiration  had  practically  the  same  pressure 
as  arterial  blood.  Thus  the  carbon  dioxide  pressure  of 
arterial  blood  can  be  established  indirectly  and  the  carbon 
dioxide  content  estimated  by  reference  to  the  carbon  di- 
oxide dissociation  curves. 

Carbon  dioxide  content  of  venous  blood  is  determined 
indirectly  by  a  method  which  awaits  direct  confirmation. 
To  five  or  six  liters  of  oxygen  enough  carbon  dioxide  is 
added  to  approximate  its  pressure  in  venous  blood.  This 
mixture  is  rebreathed  by  the  subject  for  a  preliminary 
period  slightly  shorter  than  the  time  required  for  an 
average  complete  recirculation.  Figures  3A  and  3B  repre- 
sent the  apparatus  used.  In  work  experiments  the  small 
rubber  flap  valves  are  replaced  by  similar  valves  of  a 
larger  size. 

When  the  subject  has  reached  a  steady  state,  with 
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Fig.  3A 
Disposition  of  Valves 


Fig.  3B 
Sampling  Device 


valve  V4  open  to  tube  IIP,  V3  is  opened  to  V4  and  simul- 
taneously the  signal,  "Blow!"  is  given.  In  rest  the  signal 
comes  just  as  the  normal  expiration  is  completed ;  in  ex- 
ercise, just  as  it  begins.  The  normal  expiration  is  thus 
slightly  prolonged  into  a  forced  expiration  in  rest  while 
in  work  the  forced  expiration  is  completed  at  the  time  a 
normal  expiration  would  have  been  completed.  Precisely 
at  the  end  of  this  forced  expiration,  V4  is  opened  to  the 
bag  and  the  signal  "In!"  is  given.  The  subject  makes  a 
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rapid  maximum  inspiration  and  holds  it  until  the  signal, 
1 '  Out ! "  is  given  when  he  makes  a  rapid  maximum  expira- 
tion into  the  bag.  V3  is  then  turned  and  normal  respira- 
tion reestablished. 

The  gas  sample  representing  arterial  blood  is  drawn 
into  one  sampling  tube  and  that  representing  oxygenated 
venous  blood  is  drawn  into  the  other  by  displacement  of 
mercury  in  each  case.  A  series  of  four  to  six  sets  of  such 
samples  are  usually  collected. 

The  assumption  is  made  that  it  is  possible  to  oxygenate 
venous  blood  and  establish  an  equilibrium  between  carbon 
dioxide  of  air  and  of  blood  before  appreciable  recircula- 
tion of  blood.  We  have  indirect  evidence  justifying  such 
an  assumption  and  indicating  that  the  equilibrium  time 
approximates  15  seconds  in  normal  resting  man  and  de- 
creases in  a  linear  fashion  to  a  value  ranging  from  five  to 
seven  seconds  when  the  metabolic  rate  is  ten  times  its 
resting  value.  The  evidence  is  in  the  course  of  publication 
by  Bock  and  his  associates. 
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